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This thesis develops a methodology, or framework, for 
constructing probabilistic cost models for strategic plan­
ning of mineral exploration. These models allow an explo­
ration firm to evaluate target mineral deposit models on the 
basis of both probable capital cost and probable operating 
cost per tonne of ore.
The methodology combines production activity analysis 
and best current engineering practice to define the extrac­
tive technology for a particular mineral deposit model. The 
extractive technology forms the basis for developing cost 
models which are then estimated with the U.S. Bureau of 
Mines Cost Estimating System (CES). The cost models are 
constructed to be independent of site-specific features, and 
are based on costs prevalent in the western United States. 
They are formulated from a series of parametric cost esti­
mating equations using capacity as the primary determinant 
of cost.
Cost models are developed for two case studies of con­
trasting precious metal mineral deposits, and the models are 
used to test the hypothesis that there are significant dif­
ferences in the cost structure of mines exploiting different 
geologic types of deposits. The cost differences arise due
iii
T—3828
to the geologic constraints on the types of technology that 
are appropriate for exploitation of a mineral deposit. The 
two case studies show large differences in cost structure. 
The Creede model, of a steeply dipping vein deposit, has 
higher operating costs and higher capital cost for capaci­
ties over 2,400 tonnes per day. Operating cost for the 
Creede model is given by the equation:
Operating Cost ($/day) = 24,128 + 44.14 (Capacity) 
and capital cost is given by the equation:
Capital Cost ($) = 7,262,000 + 13,287 (capacity) 
where capacity is in tonnes of ore per day. The Disseminat­
ed Gold model, of a bulk minable open pit deposit with car- 
bon-in-pulp milling, has operating costs defined by the 
equation:
Operating Cost ($/day) = 13,754 + 5.63 (Capacity)
and capital cost is given by the equation:
Capital Cost ($) = 18,022,760 + 6,775 (capacity) 
where capacity is in tonnes of ore per day. The Disseminat­
ed Gold model with heap leaching instead of carbon-in-pulp 
milling has operating costs defined by the equation:
Operating Cost ($/day) = 6,2074 + 6.50 (Capacity)
and capital cost is given by the equation:
Capital Cost ($) = 10,515,547 + 3,434 (capacity) 
Simulation analysis using the tonnage distribution for
iv
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the mineral deposit models indicates that mean operating 
cost for the Creede model is $78 per tonne, and the mean 
operating cost for the Disseminated Gold model with CIP 
milling is $2 0.6 per tonne. The operating cost for the Dis­
seminated Gold model with heap leaching is $13.16 per tonne. 
Mean capital costs are $15.4 million for the Creede model, 
$37.2 million for the Disseminated Gold model with CIP mill­
ing, and $22.8 million for the Disseminated Gold heap leach 
model.
The unit product cost, break-even grades, and propor­
tion of deposit model which is viable were calculated for 
the Creede and Disseminated Gold models. Using the median 
ton- nage and grade for each model a total cost of $1,192 
per ounce of gold for the Creede model and $440 per ounce of 
gold for the Disseminated Gold heap leach model was derived, 
and a cash cost of $83 8 per ounce for Creede and $245 per 
ounce for Disseminated Gold. The cash cost break-even grade 
for the Creede model is 0.22 ounce per tonne (opt) Au, and
0.05 opt Au for the Disseminated Gold model. Only about 25 
percent of the Creede deposits meet the break-even cash cost 
criteria while 75 percent of the Disseminated Gold deposits 
meet the criteria. This analysis demonstrates the clear 
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The 1980s were a time of turmoil for the mining indus­
try, marked by extreme hardship, corporate restructuring, 
takeovers and major asset sales. But it also was a period 
of opportunity, revitalization and rapid growth for some 
firms. An obvious shift occurred in the way mining compa­
nies acquired mineral reserves with an increased emphasis on 
buying mineral properties, either with developed reserves or 
in exploration stage. The decision to buy mineral reserves 
is normally supported by an estimate of the reserve's value. 
A decision to obtain mineral reserves by exploration, on the 
other hand, is more difficult to support with estimates of 
cost and reward because of the high uncertainty inherent in 
mineral exploration. This thesis attempts to provide an 
exploration planning tool by constructing stochastic cost 
models for specific mineral deposit models. These cost 
models are intended to make the decision between buying and 
exploring for mineral reserves more objective.
The recent history of the U.S. copper industry illus­
trates the shifts between buying and exploring for mineral 
reserves. The U.S. copper industry was whipsawed by the
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recession of 1981-82 following a short boom in 1979-80 
(Standard and Poor's Industry Survey, 1989). It reacted by 
making both temporary and permanent cutbacks in production, 
reducing labor costs, restructuring wage and benefit packag­
es, and moving toward increased use of new solvent extrac- 
tion-electrowinning (SX-EW) technology for the low-cost re­
covery of oxide ore copper. The result by the end of the 
1980s was a smaller, more competitive domestic copper indus­
try.
During this same general period, oil companies which 
had aggressively entered the metal mining industry in the 
mid and late 1970s withdrew or divested themselves of their 
mineral interests. The withdrawal of the oil companies 
produced a glut of identified, developed, and producing 
mineral properties, and corporate mineral divisions for 
sale.
These movements from exploration to acquisition pro­
foundly changed the way mining companies seek new mineral 
deposits. The economic dynamics of metal mining exert fun­
damental controls on the level of exploration activity, 
methods of mineral acquisition, and exploration targets.
Work by Eggert (1988:139) suggests that major mining compa­
nies fund their exploration largely from internal funds as 
measured by net income.
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The level of exploration expenditures varies with 
the overall expected returns to exploration.
Mineral prices strongly influence these returns by 
affecting expected revenues and by altering costs 
and the supply of funds, through their effect on 
the availability of internal funds for financing 
exploration. In addition, a company's exploration 
success and corporate goals, such as diversifica­
tion, influence perceived risks and revenues, and 
therefore expected returns from exploration.
The distribution of funds with respect to 
both commodities and countries tends to vary with 
relative expected returns. First, relative prices 
for mineral commodities are an important consider­
ation because of their effect on potential mineral 
revenues. But other factors, such as changing 
discovery rates, advances in exploration and 
mining technologies, new exploration models, and 
corporate goals such as diversification, also 
influence expected returns and may be equally 
responsible for changes in this distribution of 
funds.
The methods for obtaining mineral deposits range across 
an intensive-extensive spectrum. Acquisition of, or new 
capital investment in a producing mine increases mineral 
supply on the intensive margin, whereas discovery of new 
deposits in virgin areas represents expansion of mineral 
supply on the extensive margin.
Trends in mineral supply methods were surveyed by Cook 
(1983). He considered the way methods have varied histori­
cally and the way they differ by size of firm. Cook con­
cluded that the large established mining firms rely more 
heavily on obtaining deposits by acquisition than by explo­
ration. The dominant control, however, seems to be a long-
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range historical trend that has shifted from acquisition to 
exploration and then back to acquisition. The period 1900- 
1950 was the formative stage of acquisition when most of the 
major mining companies established their position of domi­
nance in the mining industry. The period 1950-1975 was one 
of vigorous exploration during which 70 percent of world 
class discoveries were found by current owners. The last 
period that Cook considered, 1975 to 1983, was characterized 
by the entry of major energy companies into the mining 
business and their acquisition of large- and medium-sized 
mining companies. A final phase can be added to Cook's 
analysis. Since 1983 the oil companies have largely with­
drawn from the minerals field, providing an abundance of 
mining properties for the acquisition market composed mainly 
of independent mining companies.
To summarize, between 1900 and 1950 mineral deposits 
were mostly bought by major mining companies. Between 1950 
and 1975 major mining firms turned to exploration as the 
dominant means of obtaining new ore bodies. Following 197 5, 
acquisition again dominated: first, as oil companies entered 
the minerals field as buyers of mining properties and com­
panies, and then after 198 3 as they divested themselves of 
their mining interests.
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The trend in metal demand over the past 3 0 years may 
explain the shift from exploration to acquisition in the 
mineral deposit supply process (Eggert & Tilton, and 1988 
Tilton, 1989a,). During the period of the 1950s and 1960s 
metal demand was strong and mineral companies were fully 
valued by the financial markets and not attractive takeover 
targets. In addition the inventory of undeveloped deposits 
on the shelf was depleted by the desire to expand capacity. 
The result was an increasing reliance on exploration to 
provide the supply of new deposits.
After 1973 falling demand and a sustained period of 
lower metal consumption (Tilton, 1989b) created a surplus of 
identified deposits and marginally profitable mines that had 
been brought on stream in the belief that metals demand 
would eventually strengthen and return to the prior longer 
term growth pattern. Exploration continued, adding to the 
surplus of identified mineral deposits. The result of these 
events created a more favorable environment for acquisition 
of mineral deposits and mining companies. Through the dec­
ade of the 1980s there was a balance between exploration and 
acquisition, although acquisition of both mining companies 
and ore deposits has been particularly strong among foreign 
mineral companies entering the U.S. market.
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The foregoing changes in the metals markets, changes in 
the industry cost structure, changes brought by new technol­
ogy t anc* the entry of new foreign-based firms to the U.S. 
minerals industry all point to the need for an increasingly 
analytical approach to exploration planning. Judgments as 
to the attractiveness of exploration targets cannot be reli­
ably based on past experience without taking into account 
the changed economic environment of the 1990s. An important 
step in achieving this goal has been the construction of 
quantitative mineral deposit models (Cox & Singer, 1986).
Rose and Eggert (1988) consider the use of geologic 
models and the nature of exploration planning and management 
to be two factors important to exploration success over the 
last decade. Because exploration is currently conducted on 
the basis of geologic models of the target deposits, corre­
sponding financial models should exist to measure the poten­
tial benefits of discovery. This is particularly so given 
the choice a firm must make between exploration and acquisi­
tion. The costs and benefits of acquisition can usually be 
quantitatively evaluated in detail, while the case for ex­
ploration normally rests on subjective assessments. Accu­
rate cost models based on the model of the exploration tar­
gets will help put the comparison between acquisition and 
exploration on an equal footing.
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The need to concentrate on the cost behavior of the 
mineral deposit instead of some other measure of potential 
profitability, such as gross metal value, is illustrated in 
a study by Mackenzie and Bilodeau (1982). They show that 
the use of estimates of gross revenue to rank exploration 
targets can lead to highly erroneous results. Mackenzie and 
Bilodeau (1983) illustrate the importance of deposit- 
specific cost relations even for order-of-magnitude esti­
mates of profitability. Two hypothetical deposits are com­
pared with the same mining characteristics and same gross 
in-situ value (value per in-place ton of ore). One deposit 
is a copper and gold deposit, and the other is a copper- 
zinc-silver deposit. Table 1 summarizes the evaluation 
results. Despite the identical gross in-situ value and 
mining characteristics, there are substantial differences in 
the profitability of the two deposits. The base metal de­
posit is only marginally profitable because of the poorer 
milling recoveries, higher smelting and refining charges, 
and higher concentrate shipping costs.
The evaluation results also illustrate the importance 
of cost behavior in the mineral supply process. Both 
deposits are coproduct producers of copper and precious 
metals, and produce the same gross revenue. The significant 
differences hinge on the cost behavior of the mining and
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milling process and the different unit value of the product. 
An exploration program targeted solely on the basis of min­
eral commodity without consideration of the cost behavior of 
the geologic models will significantly reduce its chances 
for success.
Despite the Mackenzie and Bilodeau (1982) study, as 
recently as 1991 McKelvey and Bliss (1991) advocated that 
exploration target models be selected on the basis of gross 
metal content. Their criteria is a ranking system based on 
median metal content of the model, derived from the product 
of the model median tonnage and median grade, divided by the 
world annual production of that metal. Using this system 
they identified a number of important base and precious met­
al deposit types including Creede epithermal vein deposits 
and disseminated gold deposits. This study will examine 
these two types of mineral deposits with respect to the cost 
characteristics of their exploitation and will demonstrate 
that, notwithstanding their selection as attractive explora­
tion targets based on gross metal value, cost differences 




Economic Evaluation: Copper and Gold Deposit, and 
Copper, Zinc, and Silver Deposit
CU-AU CU-ZN-AG 
(Million _______
Gross in-situ value 80.00 80.00
Less:
mining and milling losses 16.35 20.01
smelting and refining charges 7.24 17.50
concentrate shipping costs 1.10 3.41
Revenue at mine site 55.31 3 9.08
Less:
capital expenditures 12.14 12.61
operating costs 18.01 18.51
Pretax cash flow 25.16 7.96
Less tax payments 13.46 4.2 6
Aftertax cash flow 11.71 3.70
Less Cost of Capital 5.77 3.56
Net value 5.94 0.14
From: Mackenzie, Brian W . , and Michel L. Bilodeau, 1982, 
"Economic Guidelines for Small Mineral Deposits." Queen's 
University, Centre for Resource Studies, Working Paper No. 
25. 3 0 pgs.
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The economic analysis upon which corporate strategic 
planning is based depends on industry analysis that is metal 
commodity specific. Upper management will typically be 
well-informed about the supply, demand, and price outlook 
for a mineral commodity, but may not appreciate the subtle­
ties of cost behavior of various types of deposits. As a 
consequence the directives given to the exploration depart­
ment will usually include a list of target commodities, 
criteria specifying permissive geopolitical regions, and 
general guidelines as to desired size of deposit. The se­
lection of the exploration targets, however, is normally 
left to the exploration staff. For this reason, during the 
exploration planning stage estimates of potential costs and 
revenues need to be associated with the geologic models 
being considered as potential targets.
Objective
This thesis is an attempt to create an investment 
planning tool for mineral exploration based on cost models 
formulated specifically for the geologic model being target­
ed. At the exploration planning stage, specific deposit 
parameters have not been specified. However, estimates of 
the cost and revenue characteristics of the target deposits
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can be based on the statistical distribution of the cost and 
revenue driving features of the known members of the model.
The need for this kind of planning tool has become more 
apparent due to the increased uncertainty in the long-term 
trend in mineral demand, prices, and supply response as 
shown by the volatility in mineral markets experienced since 
197 5. It is imperative that an exploration organization 
have a clear idea of the kind of deposit that constitutes a 
viable ore body.
Prior work on exploration planning has focused on 
economics of detection and optimum detection strategies (De 
Geoffroy & Wignall, 1985), or on the probability of techni­
cal success in discovery (Harris, 1973). This work looks at 
a different side of the problem, the probability of discov­
ering a deposit with certain economic characteristics.
Harris (1990) outlines the methodology for applying economic 
filters in the exploration process.
The use of cost models for exploration or development 
planning is fairly common, but have been applied either as 
highly aggregated tools relating cost to capacity for all 
mining activities (ie Harris, 1990, p 29) , or as very spe­
cific applications to hypothetical archetype cases. Neither 
level of generality is well suited for accurate use in the 
initial exploration planning stage.
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Methodology
Mineral deposit cost functions are developed for 
specific geologic models. The method is based on cross- 
sectional data on the extractive and processing technology 
from the producing members of the selected geologic model. 
This process of cost estimation consists of the following 
steps:
1. Select the geologic model. The current collection 
of models is based of the compilation of U.S. Geologic 
Survey Bulletin 1693. This compilation provides a summary 
of geologic characteristics, list of member deposits within 
the model, and cumulative distribution plots of the tonnage 
and grades of these member deposits.
2. Select the producing members of the deposit popula­
tion, and survey the mining and processing technology used 
to exploit these deposits. The survey will produce valid 
cross-sectional data only if the firms were able to choose 
from the same level of technology when making their produc­
tion decisions, the relative prices of inputs were the same 
from firm to firm, and a homogeneous product is produced by 
all firms. If the deposits being analyzed were active during 
the same period, the extractive technological options avail­
able to the firms exploiting these deposits should be essen­
tially the same. Because most of the examples in this study
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are taken from the western United Sates the input prices are 
assumed to be generally equivalent within this region.
3. Evaluate the range of technology present in the 
cross-sectional survey, and construct one or more base case 
activity models to reflect the scope of actual operating 
practice. Firms are assumed to be cost minimizers and the 
selection of operating technology represents the economic 
efficient choice for each firm.
The base case activity model(s) is constructed to re­
flect the main areas of the mining and milling process, such 
as loading, haulage, crushing, and concentration. Because 
this approach corresponds with the organization of cost 
center accounting it allows inputs to be defined with his­
torical costs when this data are available as well as by 
estimating the physical units of inputs.
4. Estimate costs for the base case activity models 
using the U.S. Bureau of Mines (Stramm) cost estimating 
system (CES). The CES is a collection of parametric cost 
equations for a menu of mining and milling activities.
These equations provide estimates of capital, labor, supply, 
and equipment operating costs as a function of output.
5. Aggregate the activity equations into a cost model 
for the base case defined in step 3. This cost model is 
designed to relate costs to mining and milling capacity and
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requires that certain important variables are predetermined. 
These variables relate to the level of infrastructure, such 
as power and transportation costs, and to the tax and regu­
latory environment. Also, the variables determined by the 
location of the ore body relative to the ground surface, 
such as the stripping ratio for open pit mines and dimension 
of shaft or adit entry for underground mines, are critically 
important to the mining capital and operating costs, but are 
treated as predetermined variables in these models. A se­
ries of cost curves can be determined for the probable range 
of stripping ratios and lengths of shaft and adit entry. 
Predetermined values are also required for the infrastruc­
ture, tax, and regulatory variables.
This five step method of cost estimation has the 
following advantages: (1) Constructing the activity models
on the basis of actual technology used by firms presumes 
these choices represent the most efficient technology in 
each case; (2) Estimating costs through the CES system as­
sures that all cost models are formulated in terms of a com­
mon level of contemporary technology; (3) The CES system 
estimates costs on a common basis (costs at Denver, Colorado 
in 1984) and removes the influence of factors exogenous to 
the ore deposit, (actual costs from the cross sectional data 
would have the disadvantage of capturing the effects of lo-
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cal variation in input costs); (4) Because the method is
based on technology used by firms and not on actual costs, 
data are more readily available. Information on deposit 
mining and milling methods is commonly published in techni­
cal journals, government reports, and company news releases. 
Detailed cost data are much more difficult to acquire. An 
important caveat is that costs generated by the models will 
require adjusting if the areas to be explored differ signif­
icantly from the western U. S. in degree of infrastructure 
or input prices.
Once the cost model is constructed three types of out­
puts are generated. First, the model is evaluated at a typ­
ical production rate to provide a static analysis of input 
factors. Second, a sensitivity analysis of the model over a 
range of production rates provides the relationship between 
capacity and total mining and mineral processing costs. 
Finally, the model is used in a simulation analysis to pro­
vide a probability distribution of costs to be expected from 
the target population. The critical assumption in the sim­
ulation analysis is that newly discovered members of the 
target population are accurately reflected by the population 
of known members of the geologic model. Exploration deple­
tion, the idea that larger and higher grade deposits are 
discovered first, may shift the population of undiscovered
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deposits towards smaller and lower grade deposits, but this 
concern is difficult to quantify. As an expediency, this 
study assumes that the differences in the two populations is 
small, and the population of known deposits is the best 
estimate available of the population of unknown deposits.
Outline
Chapter 2 discusses the nature of mineral deposit 
modeling and outlines work to date on geologic models and 
mine models. It then considers the theory of production 
functions and cost models. Chapter 3 reviews the main cost 
estimation systems and in particular the CES system and how 
it is used to construct the mineral deposit cost models. 
Chapter 4 illustrates the application of mineral deposit 
cost models for two contrasting types of geologic models, 
the Creede-type precious metal deposits and the Disseminated 
Gold-type deposits. Finally, Chapter 5 sums up the results 
of the case studies and suggests future work that needs to 




Several different models are commonly employed to de­
scribe and evaluate mineral deposits. The ore bodies are 
described with genetic models that ascribe a common genetic 
process to a class of ore deposits and catalog the associat­
ed characteristics of the class. Grade-tonnage models pro­
vide a statistical description of the reserve characteris­
tics of the population of the deposits constituting a par­
ticular genetic model. Mine models characterize the operat­
ing and risk aspects of the extractive technology used to 
mine ore deposits, and cost models describe the capital and 
operating costs associated with particular mines. This 
chapter will review the general characteristics of these 
models and some recent examples from the literature.
Geologic Models 
Geologic models have a long and important history in 
the study of ore deposits. They have become increasingly 
sophisticated, formalized, and quantitative during the past 
decade, in part as an adjunct to the greater role of comput­
ers and the facility they provide for organizing information 
from mineral resource databases.
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Several types of geologic models are in common use. 
Whitten (1964) distinguishes between the major categories of 
conceptual, statistical, and deterministic models. He de­
fines a model as a framework for relating or "structuring” 
the data relevant to a problem. Whitten makes an important 
distinction between conceptual models in which many facets 
of a phenomena are inferred, and statistical models based on 
observed data. Because many of the processes involved in 
forming ore deposits are largely unobservable, genetic ore 
deposit models are dominantly conceptual.
Statistical models of ore deposits, on the other hand, 
are constructed from observable characteristics, such as 
alteration, mineralogy, shape, size, and grade. The Lowell 
and Guilbert model of porphyry copper deposits (Lowell and 
Guilbert, 1970) is a good example of an early statistical 
model. The model is based on measured characteristics from 
a population of identified porphyry copper deposits.
As the relationships are identified between the charac­
teristics, statistical models may evolve into deterministic 
models. Whitten (1964) defines the deterministic model as 
one in which all the relevant response characteristics are 
combined into an equation that not only describes the phe­
nomena, but will also predict the attributes of samples not 
actually observed. That is, the functional form of the
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relationship between attributes and relevant response char­
acteristics are defined.
Because of the difficulty in defining deterministic 
relationships for complex and poorly understood phenomena 
such as mineral deposits, stochastic models have become the 
tool of choice for quantitatively describing their charac­
teristics. Krauskopf (1968) drew attention to the random 
nature of many natural processes, and suggests that one of 
the important aspects of model building is understanding the 
role of randomness in the process being considered.
The second role of stochastic variables in geologic 
models is to describe processes which may be completely 
deterministic on a small scale, but because of complex 
interactions the resulting response seems random, or the 
"randomness may be simply a reflection of a complete multi­
tude of controlling factors in which no single one is domi­
nant" (Whitten, 1977:321).
The third reason for using stochastic variables is 
imprecise or noisy data. If a great deal of local variabil­
ity is in the available data, the presence or absence of an 
irreducible element of indeterminism becomes irrelevant.
The randomness introduced by the data precludes synthesizing 
a genetic or a descriptive model or using the data as a 
rational basis for predictions. Therefore, even within a
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deterministic framework, stochastic genetic and descriptive 
models can play a significant role (Whitten, 1977).
The power of stochastic models for handling local 
variability has become most highly appreciated in the field 
of ore reserve calculation through geostatistical or kriging 
techniques. Recent literature on stochastic mineral deposit 
models have focused on predicting grade of ore (Sarma,
199 0), modeling the variation in grade, thickness, and 
location of mineralization (Sahu, 1982), describing the 
continuity of mineralization (Miller, 1989), and the physi­
cal deposit measures relating to commercial potential 
(Attanasi and De Young, 1988).
The most comprehensive application of mineral deposit 
modeling are represented by compilations edited by Cox and 
Singer (1986) and by Roberts and Sheahan (1988). The 
Roberts and Sheahan work, "Ore Deposit Models", published by 
Geoscience Canada is a collection of ad hoc metallic mineral 
deposit models. The models do not follow a common format, 
and largely reflect anecdotal observations based on a few 
selected deposits.
A short discussion on methodology by Roberts and 
Sheahan focuses on the distinction between empirical and 
conceptual models. The empirical model, according to the 
authors, consists of an assemblage of data, including
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observational data, which characterizes the deposit; a 
conceptual model attempts to interpret the data through a 
unifying theory of genesis. The empirical model is devel­
oped from the comparison of observations from a large number 
of examples in order to establish the common geologic fac­
tors. The empirical model is the database for the concep­
tual model, which attempts to interpret the events involved 
in the formation of the deposit. The conceptual model is 
also a causal model, a description of the processes that 
produce the observational data.
The ore deposit models in the Roberts and Sheahan work 
suffer from the following shortcomings:
1. The models lack a common format; they are not struc­
tured so that attributes of different models can be easily 
compared.
2. The models are based either on a small number of 
examples or upon unsupported generalizations drawn from the 
literature. This flaw is particularly fatal in defining a 
meaningful tonnage-grade model.
3. The attributes included in the empirical models do 
not provide the needed information to make an economic as­
sessment of the model.
The second collection of mineral deposit models is the 
work of the U.S. Geological Survey published in Bulletin
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1693, and edited by D. P. Cox and D. A. Singer (C & S 
models). This system of models has major advantages over 
the Roberts and Sheahan models. The C & S models do adhere 
to a common format and are based on a more rigorous and 
elaborate methodology.
The C & S models, like Roberts and Sheahan, distinguish 
between descriptive and genetic models, but Cox & Singer 
limit their presentation to descriptive models. Descriptive 
data are used to generate both "Descriptive Models" and 
"Grade-Tonnage Models". Prior to generating either Descrip­
tive or Grade-Tonnage models, deposits must be selected to 
form a model population. Deposits sharing a relatively wide 
variety and large number of attributes commonly are consid­
ered a "type" of deposit with a roughly similar genesis.
The population of deposits constituting the type forms the 
basis for the descriptive models.
Attributes are those observable features possessed by 
the class of deposits represented by the model. Two catego­
ries of attributes are distinguished in the C & S models on 
the basis of scale of observation. The first category of 
attributes are local features observable directly in the 
field, such as mineralogy and dimensions of the ore body.
The second category, which is not particularly important to
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this study, is based on the regional geologic setting, and 
includes features such as the tectonic environment.
An important feature of the C & S models is that they 
were constructed to be independent of site-specific attrib­
utes . This has important consequences for the associated 
cost models since it allows costs to be independent of 
location. This is not to say that site-specific factors are 
not important to the cost model, but that the site-specific 
factors are exogenous to the model, which may be incorporat­
ed as predetermined variables. Examples of site-specific 
cost factors would be stripping ratio, transportation costs, 
local tax burden, and shaft and adit excavation.
The descriptive model is divided into two parts, the 
"geologic environment" (regional attributes), and the 
"deposit description" (local attributes). Geologic environ­
ment describes the rock type, geologic ages, depositional 
environment, and tectonic setting.
The second part of the descriptive model is the deposit 
description which includes the attributes of ore mineralogy, 
ore texture, and structure, ore controls, the weathered 
deposit, and geochemical signature. These are the attrib­
utes which help to determine the extraction technology and 
consequently the cost model for the mineral deposit. 
Additional attributes, however, are needed to determine the
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likely extraction technology. These include the shape, 
dimensions, and orientation of the ore body.
The other major part of the C & S models is the grade- 
tonnage model. Almost 4,000 deposits with well measured 
reserves provided the basis for 60 grade-tonnage models.
The models are presented as separate grade and tonnage 
curves, usually plotted on a semi-logarithmic format. Each 
data point in the model represents a deposit, or occasional­
ly represents a district. A lognormal curve is fitted to 
the data by matching the mean and standard deviations of the 
curve and data. Correlation coefficients are provided to 
describe the relationship between tonnage and grade if the 
correlation is significant at the one percent level.
Difficulties in presenting a grade-tonnage model are 
largely related to inconsistencies in calculating reserves 
between one deposit and another. The inconsistencies origi­
nate from several sources such as differing categories of 
reserve certainty, different cutoff grades, and variation in 
company policy with regard to the amount of reserves mea­
sured ahead of mining. Cox and Singer recognize the problem 
of cutoff grade and indicate that when faced with a choice 
of reserve estimates, the estimate with the lowest cutoff 
grade was used. The question of reserve category is not 
directly addressed, but the tone of their discussion on
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methodology suggests that Cox & Singer used the most inclu­
sive estimate of reserves generally subject to meeting some 
criteria of economic viability; i.e. inferred reserves and 
possibly paramarginal resources.
Criticism of the Cox and Singer models focuses on two 
areas: completeness of attributes in the descriptive model, 
and shortcomings in the quantitative presentation of re­
sults. The attributes included in the descriptive model 
include many of the important parameters, but leave out such 
basic attributes as shape, dimension, and orientation of the 
ore body that are needed to select a mining method to ex­
ploit the deposit.
None of the attributes in the descriptive model are 
presented in quantitative terms that indicate their distri­
bution. Instead they are presented as "typical" values or 
as a range, such as Jurassic to Early Tertiary, for the age 
of mineralization. The use of the C & S models as input for
related stochastic modeling is seriously crippled by the
omission of attribute distributions.
A similar criticism of incomplete presentation of data 
applies to the C & S grade-tonnage models. Although the
cumulative distribution curves for grade and for tonnage are
well suited for stochastic modeling, the user cannot deter­
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mine both the ore tonnage and grade for an individual 
deposit and hence the in-place metal content of the deposit.
These shortcomings should not detract from the useful­
ness of the C & S models, however. They are by far the most 
comprehensive and quantitative system of models compiled to 
date, and will provide the starting point for defining the 
geologic models used in this study.
Mine Models
Mines show wide variation in the technology and cost 
structure. Taylor (1972) provides a useful the classifica­
tion of mines based on their operating characteristics. The 
foundation of the classification consists of six archetypes 
of mineral deposits organized into four categories of mines. 
Regular tabular sedimentary deposits with large horizontal 
dimension, significant thickness and homogeneous grade are 
considered to be uninteresting in their operation and are 
not considered by Taylor.
The first category, Type A mines, are composed of 
irregular tabular vertical to horizontal deposits with thin 
ore bodies such as gold-silver, and tin veins and some 
Mississippi Valley-type deposits. The second category, Type 
B mines, are thick (over 2 0 feet) tabular and massive, steep 
to horizontal ore bodies such as massive sulfide deposits.
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The modern open pit mine comprises the third category, type 
C mines, and consists of thick tabular, massive or dissemi­
nated mineralization, such as porphyry copper deposits and 
some massive sulfide and metasomatic deposits.
The characteristics of type A mines are dictated by the 
nature of the mineralization and the relationship between 
development work and reserve determination. The thin and 
erratic mineralization has two important consequences.
First, the stopes do not readily accept mechanization, and 
production comes from a large number of labor intensive 
stopes. Second, measuring reserves requires close sampling 
along openings that subsequently serve as development exca­
vations for the stopes during the production phase. This 
sequence of development shifts much of the capital cost into 
the exploration stage of the project and most of development 
expense is a sunk cost at the point when the production de­
cision is made. Presence of these sunk costs acts to reduce 
the grade or tonnage needed to develop a type A mine at the 
feasibility decision stage compared to the feasibility deci­
sion for type B and type C mines.
Mining methods for type A mines are labor intensive and 
flexible, require large amounts of development work ahead of 
stoping, and have high unit costs per ton of ore. Shrinkage
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stoping and cut and fill methods are typical in the type A 
mines.
Type B mines have large dimensions and more regular 
mineralization compared to type A mines. The critical 
difference centers on the continuity of the ore. Reserves 
can be measured by drilling, and typically reserves are well 
established by surface drilling at the time the feasibility 
evaluation is made. In contrast to type A mines, therefore, 
capital expense to develop the ore body is begun in a con­
dition of much greater certainty. As a consequence of this 
lower risk, the cost of capital is less, and capital-using 
technology is favored, manifest either as larger scale 
equipment, or more automated equipment.
The operation of type B mines is highly sequential.
Ore is extracted in retreat with nonselective methods, and 
the established reserves are commonly composed of large 
blocks up to 100,000 tons for a caving panel. Two different 
cutoff grades are important. The first is a predevelopment 
cutoff that serves to define the limits of development. The 
second is the draw cutoff that determines what developed ore 
should be handled and processed.
Because of the sequential and bulk methods the mining 
operation is not flexible and selectivity is low. The 
selective parcels are applied at the end of a stope's life
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and consist of the number of samples needed to determine a 
grade below cutoff at the draw point.
The inventory of developed ore resides in several 
categories depending on the degree of readiness for stoping. 
Several years of production are commonly available at the 
early stage of readiness, but inventories of broken ore are 
highly variable depending on the specific mining method. 
Broken ore on-hand can vary from near zero to a year's 
production. Continued availability of mineralization in 
inactive stoping areas is unlikely after equipment and 
services have been removed.
Type C, or open pit mines, share many features of the 
type B mines. Ore reserves are determined by surface 
drilling prior to the development decision, and subsequent 
development is conducted to prepare ore for production and 
not for verifying the reliability of the reserve estimate. 
Increments to reserves are added in blocks of between 2 0 and 
50 feet on a side, and because of the large capital invest­
ment and low operating margin characteristic of these 
deposits, reserves are reliably established with intensive 
surface drilling. Consequently, knowledge of future mining 
parcels is high. The number of these parcels that are 
available for mining at any particular time can be highly 
variable, however. The mining method is sequential, and
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preparation of ore for extraction consists of mining the 
overlying waste. Typically the amount of ore readied for 
breaking can range between 2 months and a year's production. 
The amount of ore broken, on the other hand, can be as low 
as a day's production.
Mining selectivity is limited by the available broken 
ore but can be good within these constraints. Assays of 
blast hole cuttings can result in selective units of several 
hundred tons. Longer term selectivity is limited by the 
sequential course of pit development. Once production has 
begun a cutoff grade is applied to determine which material 
should be milled and which handled as waste. If marginal 
material is segregated in stockpiles, it is permanently 
reavailable for processing.
In summary, three types of mines are distinguished on 
the basis of how reserves are determined, how ore is devel­
oped for extraction, and how responsive the mining system 
can be to changing economic conditions. Ore reserves are 
determined with high certainty by surface drilling in the 
type B and C mines prior to the development decision. Type 
A mines, in contrast, require extensive capital expense to 
develop reserves, but once reserves are established only a 
small amount of additional work is needed to extract the
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ore. For this reason reserves in type A mines are seldom 
well known, and are established just ahead of mining.
Ore is generated in type B mines by installing the main 
haulage levels, and sublevels as needed. Ore in type A 
mines is developed during exploration, and in type C mines 
overlying waste is removed to develop ore.
Flexibility and selectivity of the mining process 
determine responsiveness of an operating mine to changing 
economic conditions, such as changes in metal prices. Op­
erations in type B and C mines are sequential and generally 
inflexible once ore extraction is underway. The order of 
development is largely dictated by the geometry of the de­
posit. Selectivity in type C mines can be good if grade 
control is adequate, but type B mines have little control in 
selecting ore once, for example, caving is started.
Flexibility and selectivity in type A mines by contrast 
is good. Typically many stopes are active at one time, so 
ore can be drawn from the combination of stopes that will 
produce the target grade. Likewise selectivity is high 
except with shrinkage methods. Ore can be sorted in the 
stope with resuing methods or at the draw point where deci­
sion to mill the material or tram it to waste is made.
The final criteria to consider is the status of materi­
al once rejected in the mining process. Subgrade material
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in type A mines is generally left in the stopes and is 
reavailable so long as access and rock removal equipment are 
left in place. In type B mines, however, rejected material 
cannot readily be reclaimed once it is by passed in the 
mining sequence. By contrast if submarginal material is 
segregated in separate waste dumps, it is almost infinitely 
reclaimable from the C mines.
The important financial and mineral supply implications 
of the differences between type A, B, and C mines concern 
the point in development when costs must be sunk, the ratio 
of fixed to variable costs, the latitude of operating re­
sponse to changing economic conditions and the finality of 
decisions to mine or not to mine a specific parcel of ore.
Type A mines differ from type B and C mines in that 
reserves are not reliably determined by surface drilling, 
and consequently many development activities are shifted 
forward into the higher risk exploration phase. Part of 
this higher risk in type A mines is hedged by reducing the 
size of reserve known with certainty prior to production; as 
a consequence, the initial rate of production is low partly 
because of the uncertainty of the reserve base.
Mining technology becomes increasingly mechanized and 
capital intensive from type A to type C mines. Increased 
productivity results from larger equipment, reduced labor
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input and shifts to a higher ratio of fixed to variable 
cost. The small size of type A ore bodies severely re­
stricts the use of large equipment underground and conse­
quently production remains labor intensive, cyclical, and 
low in productivity.
Type B ore bodies are large, permit limited mechaniza­
tion and more continuous production methods based on caving 
or blast-hole stoping techniques. Type C ore bodies readily 
accept large equipment because of the extensive open space 
they provide. For this reason productivity gains in open 
pit mines represent the dominant productivity gains in the 
mining industry over the past 3 0 years or more. A conse­
quence of the trend towards larger scale equipment is an 
increase in the size of selectable mining units and a lev­
eling of grade variations because of volume variance rela­
tionships. Productivity trends associated with mechanization 
and larger equipment have moved modern mineral supply away 
from small type A mines towards large type C mines.
Theory of Mineral Deposit Production 
and Cost Functions
Production functions describe the relationships between 
quantity of output (Q) and quantities of inputs 
(Xj, X2, . . ., XJ required to make Q, i.e.:
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Q = f(Xw X2, . . . , Xn)
At. the micro level the production function leads directly 
to the cost function once given the price of inputs.
Production function analysis covers a wide range of 
issues involving the level of aggregation, time frame, units 
of measure, type of data, nature of the industry, and per­
spective of the analysis. This study considers production 
functions specific to the type of ore deposit being exploit­
ed; reflects dollar denominated costs; and has an ex ante 
perspective. Even though the models are considered ex ante 
they have features that are ex post in that they are specif­
ic to a particular type of ore deposit, and that once the 
ore deposit type is specified the technology that can be 
used to exploit the deposit is largely determined. Selec­
tion of the technology or engineering systems constrains the 
capital costs to an envelope that varies for the most part 
with capacity.
Activity analysis is the general approach for estimat­
ing the production process in this study. The method rests 
on linear activity analysis of a finite number of basic 
activities. The basic assumptions of activity analysis are 
that activities are additive, mutually independent and ag­
gregated by addition, divisible, and proportionally repro­
ducible. This method is advocated by Johansen (1972) and
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Hildenbrand (1981) as a way of avoiding many of the pitfalls 
associated with traditional econometric techniques that rest 
on specifying production functions of a standard form such 
as the Cobb-Douglas.
Johansen (1972) makes a point of distinguishing between 
the ex post and ex ante production functions, and contends 
that this distinction provides a better framework for con­
sidering the production process than the traditional dis­
tinction between short-run and long-run production func­
tions. The ex ante production function reflects the possi­
bilities from which the firm may choose when a new produc­
tion unit is to be established (Johansen, 1972:6). On the 
other hand, the ex post production function reflects the 
production possibilities after capital investment has been 
made and some inputs, especially capital, have been fixed or 
limited. According to Johansen (p:4)
The fundamental assumption . . .  is that the 
essential technological choice with respect to 
factor proportions and exploitation of new produc­
tion techniques has to be made at the stage when 
investment in new production equipment takes 
place. At later stages choice is restricted to 
deciding to what extent the equipment is to be 
operated within bounds set by its capacity, opera­
tion requiring current inputs in fixed proportions 
as between themselves and in proportion to output.
Hildenbrand (1981) concludes that a parameter-free
approach, based on technological data on the micro level is
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superior to the conventional econometric approach because 
the necessary data, while possibly difficult to obtain are 
directly observable. In contrast the econometric approach 
often requires data that are in principle unobtainable, and 
starts with an ad hoc specification of the production func­
tion which might not reflect the actual underlying struc­
ture. Cross section technological data (not including cap­
ital) are used to obtain the empirical distribution of the 
family of production activities. The empirical distribution 
is used to calculate the ex post industry production func­
tion. By contrast the conventional econometric analysis 
uses cross section data (observed input - output levels 
often including capital) to estimate the ex ante micro pro­
duction function. The ex post function has the advantage 
that some of the ex ante variables such as capital are fixed 
coefficients in the ex post form. The ex post function is 
specified in terms of current inputs, the capital stock once 
installed becomes a fixed factor, although there is some 
scope for substitution ex post (Johansen, 1972) .
The methodology used in this study is an elaboration of 
Hildenbrand's method. The basis of estimation is a survey 
of technological data of the producing mines within the 
deposit model being estimated. Leontieff-type production 
functions characterize most of the major activities in the
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mining and milling process. This considerably simplifies 
the ex post cost curve. Because the activity input factors 
are used in fixed proportions the cost equation can be cast 
in terms of capacity which easily leads to the formulation 
of parametric cost estimation equations. A further conse­
quence of the fixed proportions production process is that 
the average cost and marginal cost curves are flat over most 
of the feasible range of production, but raise rapidly when 
capacity is approached (Foley and Clark, 1981, and Torries,
1988) .
The production function generated by the above method 
is dominantly ex ante in that the operating cost versus 
output relationships represent changing the size of plant 
and equipment to match output levels. This is an appropri­
ate perspective for exploration planning since the firm can 
still vary its selection of plant and equipment size.
Technological Change and Mining Productivity
Productivity is a key variable of resource economics.
It measures the technical efficiency with which physical 
measures of capital, labor, and resource inputs are convert­
ed to physical units of output. A change in productivity 
may be due to change in the usage of all inputs, substitu­
tion among inputs, or technical change that modifies the
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combination of inputs. Since 1950 there has been signifi­
cant technological change in mining (Smithson, et al., 1979) 
dominated by the substitution of capital and energy inputs 
for labor input. These technological changes favor the 
exploitation of homogeneous ore deposits with large dimen­
sions (type A and B mines), and place small labor intensive 
mines (type C mines) at a competitive disadvantage. Produc­
tivity changes have important implications for the firm. A 
company planning a large capital investment in a mine with a 
productive life measured in decades needs to consider how 
changes in productivity will affect their competitive posi­
tion, and whether future technology will be applicable to 
the type of deposit under development.
Productivity trends are important to this study for 
this reason, and because construction of deposit cost models 
is based on a survey of historical technology used to ex­
ploit the deposits. If productivity changes are due to 
biased technological change, then historical data may pro­
vide an inaccurate picture of the current cost structure for 




Cost models are a critical tool for mineral investment 
planning and for mineral resource and supply assessment. 
Historically, cost models have been constructed on hypothet­
ical examples selected to fit a specific purpose or to 
represent a typical member of some population (Veith, 1980, 
Harris and Euresty, 1969, and Johnson and Bennett, 1968). 
Once the hypothetical example is defined, costs can be esti­
mated with traditional engineering methods based on an 
equipment list and manning schedule.
An alternative method to this traditional engineering 
approach are parametric cost models which consist of a set 
of equations that translate physical units into costs for a 
particular system. Three major parts of the model are (1) 
the specification of the physical parameters that define the 
system, (2) the body of the model containing the relation­
ships that describe the technology and translate the physi­
cal inputs into costs, and (3) organization and presentation 
of the costs in some specified format.
Models based on detailed cost estimates of hypothetical 
deposits provide a static view of costs, or at best multiple 
case calculations show cost behavior in discrete steps. 
Parametric models are far more useful because they provide a 
dynamic view of cost as the input parameters vary.
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Parametric estimates are based on equations that relate 
cost to one or more physical or performance variables 
(Stewart and Wyskida, 1987) where cost is the dependent 
variable and the physical or performance inputs are the 
independent variable. The method is a specialized forecast­
ing technique based on regression of historical cost infor­
mation. The drawback of this procedure is the retrospective 
view of cost. Design improvements, technological progress, 
and learning curve phenomena are not fully impounded in the 
regression-based equations. Furthermore the parametric 
estimate is targeted on the average population costs, and 
not on the marginal costs. Alternatively, parametric cost 
equations constructed on the theoretical behavior of the 
engineering system are prospective, and because they reflect 
modern technology, do measure the marginal cost of the 
population.
The degree of detail in the parametric model depends on 
at what level of the work element structure the regression 
equations have been constructed. Operationally it depends 
on the detail of the available data. Parametric models 
based on an aggregation of low level work elements fits well 
into the activity approach to production functions. In 
fact, a properly aggregated parametric model can correspond
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closely with the aggregation of activities that constitute 
the production function.
The functional form of the parametric relationship can 
be selected on the nature of the engineering system, on the 
basis of amenability to regression techniques and closeness 
of statistical fit, and on the number of independent cost 
drivers incorporated in the equations. For purposes of 
prediction beyond the range of historical data, parametric 
equations based on the underlying technical relationships 
are best.
Common functional forms are linear curves, power 
curves, exponential curves, and logarithmic curves. Tradi­
tionally, power curves have been favored for parametric 
systems used to model mining systems. O'Hara (1980) and the 
U.S. Bureau of Mines Cost Estimating System (U.S. Bur.
Mines, 1987) both rely on power curves to model work ele­
ments in the mining and concentrating process. The power 
curve has the form:
Y = A + BXb , where A, B and b are constants and X is 
the independent variable.
The plot of X against Y is either concave or convex 
depending on the value of b. If b is greater than 1, the 
curve is convex; if less than 1, concave. In the special 
case where b equals 0 the relationship becomes linear. The
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advantages of the power curve relationship is that it is 
linear in logarithms, and it coincides with the functional 
form of the Cobb-Douglas equations.
The parameter A does not change with the explanatory 
variable X and represents the fixed cost in the equation.
The expression BXb reflects variable costs, and implies a 
relationship between the explanatory variable and cost such 
that a percentage change in X causes a constant percentage 
change in Y. For the case of capital costs, the fixed 
component of cost may represent an expense such as property 
acquisition which does not vary with the mine design parame­
ters. The variable costs, on the other hand, do depend on 
design parameters such as mine capacity. For the case of 
operating costs the fixed costs represent time-dependent 
costs such as depreciation, interest expense, and possibly 
allocated overhead costs. The variable costs, by contrast, 
are a direct function of output, and represent cost catego­
ries such as operating labor, fuel, and consumable supplies.
Once the functional form of the parametric relationship 
is selected, the remaining questions concern the level of 
aggregation in the cost or input data on which the paramet­
ric relationship is based, and consequently the level of 
generality of the relationship. Deviations of the paramet­
ric estimate can result from (1) time series trends in the
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process not recognized in the parametric relationship, (2) 
differences in the process represented by subpopulations in 
the historical cost data, and (3) cost drivers of the 
process not included in the parametric relationship. The 
importance of these problems depends on the particular 
process to be estimated and can be a significant difficulty 
in estimating mining processes.
Time series trends in process cost data can result from 
two fundamentally different causes. First, labor productiv­
ity increases with cumulative production because of in­
creased experience of the workers— the learning curve 
phenomena. Secondly, with time, old equipment is replaced 
with newer, more efficient equipment changing the capital 
component of the system. The learning curve trends can be 
incorporated into the cost equations in theory (Carrington,
1989) , but estimating the parameters of the learning curve 
requires analysis of time series data for each operation and 
is generally impractical. Another strategy for dealing with 
the problem is to limit the population to mature operations 
where the main learning curve improvements have taken place.
The problem of capital equipment of differing age and 
consequently differing efficiency is a commonly recognized 
problem in econometrics, but is seldom corrected. A practi­
cal solution to the problem is to stratify the population of
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firms by age, or to limit the population to recent opera­
tions with modern equipment having similar efficiency.
The second major problem is in defining populations of 
mineral deposits with essentially the same characteristics. 
Mines vary widely in their economic behavior because of 
different technology used in exploitation and because of 
intrinsic differences in the ore deposits, such as ore grade 
and dimensions of the ore body. The issue becomes, then, 
how similar should two mines be to be included in the same 
population. The answer depends mainly on the purpose of the 
analysis and the amount of precision required of the model. 
In this study a particular population of mineral deposits is 
defined through membership in a geologically defined deposit 
model. Populations defined on this basis usually share 
similar basic characteristics such as shape, ore mineralogy, 
size and orientation, and consequently are exploited with 
similar technology.
The two principal remedies available for adjusting 
parametric cost relationships to accommodate variations in 
mine characteristics are stratification of the data and use 
of additional independent variables in the parametric rela­
tionship. Stratification is the technique of subdividing 
the cost data base on the basis of some significant criteria 
and fitting separate regression relationships to each sub-
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population. For example, the parametric estimate of open 
pit mining costs per ton of ore might consist of a family of 
curves in order to accommodate differences in stripping ra­
tio. Stratification is best suited for dealing with exoge­
nous variation.
Multiple independent variables in the parametric rela­
tionship can increase the accuracy of the relationship. It 
is important, however, to restrict these additional vari­
ables to important cost drivers for which quantifiable data 
are available. The additional variables are called cost 
adjustment or complexity factors. Complexity factors are 
best applied to endogenous variation or variation described 
on a continuous scale.
Much of the variation in the cost relationships of a 
mining operation can also be accommodated by disaggregating 
the analysis to the level of basic activities. The individ­
ual activity cost estimating relationships are then aggre­
gated into the appropriate mix of activities constituting 
the particular cost model.
The approach used in this study is to consider the 
subpopulation of mines that have roughly the same exogenous 
characteristics (mines from the same ore deposit model) and 
to construct the parametric cost model by aggregating the 
activity cost relationships derived from this subpopulation.
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This method is well suited to handling the differences due 
to the natural characteristics of the ore body. Many of 
these characteristics are described on a nominal or discrete 
scale and consequently best suited to modeling by data 
stratification. For example, ore mineralogy, alteration and 
host rock are described on a nominal scale. The geometry of 
the ore body is usually described on a discrete scale as 
flat, moderately or steeply dipping, or on a nominal scale 
as massive, tabular, pipe-like, or manto.
Cost Model Literature Review
The numerous mineral deposit cost models constructed 
since the mid-1960s have different objectives and use a 
variety of methods. Modeling by the U.S. Bureau of Mines 
has been directed mostly at resource assessment, and to a 
lesser extent to judge the feasibility of new technology 
(Harris and Euresty, 1969; Veith, 1980). Models are also 
used to predict financial performance (Bennett, et al.,
1970) and to make preliminary estimates of economic feasi­
bility (Johnson and Bennett, 1968).
The basis for most of these models are descriptions of 
a hypothetical ore deposit. This hypothetical deposit may 
be patterned after an anecdotal example (Johnson and Benn­
ett, 1968; Veith, 1980) or may simply be based on a subjec-
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tively defined "typical" example (Mining Cost Service,
1989) . Alternatively the model can be constructed from 
aggregated cross-sectional financial data (Garson, 1984).
Review of the recent literature gives a cross-section 
of current mineral deposit cost modeling practice (Johnson 
and Bennett, 1968; Bennett and others, 1970; Lake and 
Wilson, 1977; Wright, 1979; Veith, 1980; Garson, 1984; and 
Mining Cost Services, 1989). All of these models are defi­
cient as a basis for strategic planning because of one or 
more of the following reasons. First, the cost inputs to 
the model are predetermined from separate engineering 
studies not part of the model. Second, the cost models 
present a static view of costs that do not accommodate 
different extractive technologies or do not reflect changes 
in cost with changing rates of production. Third, cost data 
are input to the model without distinguishing the differenc­
es in cost behavior of different types of mines. And 
fourth, cross sectional data are used that may reflect 
outdated technology.
The cost models presented in this study are designed to 
avoid all of these pitfalls. Each cost model is specific to 
a particular type of ore deposit, the models present a dy­
namic view of costs in response to changing rates of produc­




Since 1980 several cost estimating systems have been 
formulated to determine a preliminary estimate of mining 
capital and operating costs. Four of these systems, by 
O'Hara (1980), Mular (1982), Redpath (1986), and the U.S. 
Bureau of Mines (1987), will be reviewed here. The follow­
ing aspects of each cost estimating system will be noted: 
the scope of the system, types of costs and activities the 
system estimates, the level of detail of the activities, the 
date and location of the base case estimates, the technique 
used to generate the estimates, and if parametric estimates 
are used, what is the functional form of the equation and 
what are the independent variables.
O'Hara System
The O'Hara system is a concise and comprehensive system 
which is easy to use and produces estimates of capital 
costs, operating costs, and revenues for open pit mining, 
underground mining, and processing plants.
The methodology is based on a series of parametric 
equations for general activities in the mining and milling 
process. For example, equations that are used to estimate
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capital costs for open pit mining describe the activities of 
road construction, preproduction stripping, equipment cost, 
and maintenance facilities. Underground mining capital 
costs are estimated using six general activities: shaft 
sinking, mine development excavations, hoist plant, mine 
compressor, mining equipment, and maintenance facilities. 
Capital cost estimates for the processing plant and for 
plant utilities and general services follow from a similar 
set to activity estimates. The system also estimates oper­
ating costs and revenue after deductions for concentrate 
transport and smelting charges.
The O'Hara system is based on actual project costs, 
mostly from projects in Canada, but also from projects in 
other countries. The costs come from projects initiated 
over a 15-year period and were translated to 1978 costs in 
Canadian dollars by index adjustments. The actual project 
costs were normalized to a 1978 Canadian dollar basis and 
then analyzed with statistical regression to estimate para­
metric cost equations. A series of regression equations 
were generated for each of the mining and milling activities 
used by O'Hara. The functional form of the parametric equa­
tions is cost = AXb where A and B are coefficients and X is 
the tonnage of material processed by the activity per day. 
O'Hara concluded that the main variable affecting all items
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of capital cost, revenue, and operating cost is the daily 
tonnage of ore that is treated by the process plant (O'Hara, 
1980).
Mular System
The Mular system is published as Canadian Institute of 
Mining and Metallurgy (CIM) Special Volume 25, titled 
"Mining and Mineral Processing Equipment Costs and Prelimi­
nary Capital Cost Estimations - A Handbook of Major Equip­
ment Costs for Factored Capital Cost Estimations". The 
title points to the emphasis of the system on capital costs. 
Operating costs and revenues are briefly treated by includ­
ing the O'Hara system in the beginning section of the work.
The core of the Mular system is estimation of equipment 
capital costs for a mining and milling operation. Costs are 
presented as the purchase equipment cost and must be adjust­
ed for relevant import duties, delivery costs, and installa­
tion charges. The basis of the cost estimates are 1981 
Canadian prices presumably obtained form equipment vendors 
and manufacturers. These prices form the statistical 
population from which a series of regression equations are 
generated for estimating the cost of a particular piece of 
equipment of a specified size. The estimation methodology 
used by Mular is consequently a system of parametric equa-
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tions for equipment costs generated from 1981 Canadian 
equipment prices. The form of the equations is cost = AX® 
where A and ® are coefficients and X is the independent 
variable reflecting equipment size.
Although this is the same functional form used by 
O'Hara, the resulting system is quite different: the inde­
pendent variable changes from one equation to another de­
pending on the item of equipment, in contrast to the O'Hara 
equations which are driven by the tonnage of material proc­
essed. In addition the Mular equations are specific to a 
type of equipment as opposed to a process activity. The 
result is a highly disaggregated system which is flexible 
and can be tailored to a well defined project, but is not 
well suited for a preliminary estimate of a project without 
initial engineering design work.
Redoath System
The third system is authored by J. S. Redpath Limited 
(1986), a well known Canadian mining contractor, and is 
titled "Estimating Preproduction and Operating Costs of 
Small Underground Deposits". The system was designed for 
Canadian underground mines producing 500 tonnes or less of 
ore per day, and specifically treats the capital and operat­
ing costs associated with mine development and mining.
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Milling costs are also included, but in a more general 
manner.
The system differs from the O'Hara and Mular systems in 
that it is not strictly a parametric approach to cost esti­
mation, but uses a series of base case estimates for some 
activities, such as stoping, combined with parametric rela­
tionships for other activities, such as mine ventilation. 
Essentially, the user matches his project to a "look-alike" 
base case in the Canmet System, and adjusts costs qualita­
tively to compensate for conditions which are either more or 
less favorable than the base case.
The Redpath system is constructed to provide both cap­
ital and operating costs for various activities in the min­
ing process. Capital and operating costs are also provided 
for mineral processing operations, but on a much more pre­
liminary basis. Operating costs are expressed on a total 
cost per tonne of ore basis, except for stoping costs which 
are broken down into subcategories of labor, supplies, and 
maintenance. Each item of capital cost is simply expressed 
as a total cost.
The cost estimating procedure consists of four steps. 
First, assemble basic project information concerning loca­
tion, site characteristics, and geologic conditions. Sec­
ond, estimate operating costs by selecting mine access
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method, stoping method, and type of haulage system. Third, 
estimate the capital costs, which are divided into preprodu­
ction capital and operating capital charges, using the same 
mine parameters as in the operating cost estimate. The fi­
nal step is adjusting the capital and operating costs by a 
regional cost factor to compensate for transportation costs, 
infrastructure, labor costs, and other cost variables that 
differ from the north-central Ontario base case.
The level of activity the system uses is between the 
aggregated O'Hara approach and the detailed level used by 
Mular. For example, five general activities are used to 
describe mining operating costs with the Redpath system 
compared to a single activity with the O'Hara system. The 
five activities are stoping, hoisting, level haulage, gen­
eral mine expense, and surface mine service costs. The 
costs are estimated with a combination of base case esti­
mates and multivariable parametric equations. The explana­
tory variables are production rate plus ancillary variables 
such as shifts per day, haul distance, and type of hoisting 
or haulage system. The functional form of the parametric 
cost equations is not given in the Redpath system; instead 
the relationships are presented graphically on linear plots.
In summary, the Redpath system is specifically designed 
to provide preliminary capital and operating cost estimates
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for small underground mines located in northern Canada. The 
system is easy to apply and can be used with a limited 
knowledge of mine design techniques. It provides a useful 
level of cost detail for the mining process, but gives only 
a very general estimate of mineral processing costs.
For its intended purpose the system is a good one, but 
it does not adequately treat the mineral processing activi­
ties of a project, which can account for a large part of 
total product costs. The second major criticism is that it 
does not cover the full range of production rates typical of 
underground Canadian mines. There is a continuum of produc­
tion rates for operations using the mining technology de­
scribed in the Canmet System that extends well beyond the 
500 tonne per day limit of the system's cost estimating 
relationships.
U.S. Bureau of Mines CES System 
The Cost Estimating System (CES) of the U.S. Bureau of 
Mines was established as part of the Minerals Availability 
and Supply program (MAS). The CES was meant to provide 
preliminary operating and capital cost estimates for a wide 
range of mining and mineral processing technology. The 
stated objective of the system is "to develop a manual 
method for preparation of feasibility type estimates for
ARTHUR LAKES LIBRARY
COLORADO SCHOOL OF MINES
GOLDEN, CO 80401
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capital and operating costs of mining and primary mineral 
processing of various types of mineral occurrences using 
state-of-the-art technology" (U.S. Bureau of Mines, 1987).
The CES provides a more detailed breakdown of costs 
than does the Canmet system. Like Redpath, CES provides a 
total cost for each unit process, but also estimates the 
distribution of costs between construction labor, construc­
tion supplies, equipment purchase cost, and transportation 
cost.
Operating costs are most commonly presented on a dol- 
lar-per-day basis with separate estimates for labor, sup­
plies, and equipment operation. Theses cost estimates do not 
include insurance, taxes, royalties, freight, selling ex­
pense, or general research expense.
CES operates at a fairly detailed level of activity 
analysis (unit operations). For example, for underground 
mining the major activity sections include drifting, rais­
ing, shaft sinking, stope development for several mining 
methods, haulage, and general plant and underground mine 
administration costs. There may be several individual unit 
operations within each activity section.
The unit operation cost relationships were determined 
from bottom-up cost estimates. A five-step procedure was 
used to establish the cost relationships. It consists of
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first accumulating a unit process data base from literature 
review, equipment suppliers, and other sources. Second, 
determining the equipment list and capacities for the unit 
process. Third, preparing at least three bottom-up cost 
estimates of the unit process for various capacities based 
on prices in Denver, Colorado, as of January 1984. Fourth, 
deriving cost formulas through statistical regression of the 
bottom-up cost estimates. The regression equations are 
dominantly of the form Cost = AXB, but a few equations are 
linear or exponential. The final step consists of checking 
the estimated costs against actual cost data. The results 
of these checks indicate that CES costs are within plus or 
minus 25 percent of actual costs.
The system of parametric equations used by CES are 
mostly of the form Cost = AXb where X is capacity. Capacity 
is usually defined as tonnes of ore per day, or tonnes of 
concentrate per day. Because the CES cost estimating equa­
tions generally use just one independent variable, a cost 
model constructed from the CES system can be simply solved 
by specifying the capacity. For this reason the CES system 
was chosen as the basis of the cost models in this study. 
Other reasons for choosing the CES system are that it is a 
comprehensive system spanning a broad range of both mining 
and mineral processing technologies, and that it estimates
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costs on a reasonably detailed level for both activities and 
types of input factors.
Summary
The scope, level of detail, estimating technique, and 
the functional form of cost estimating equations for the 
O'Hara, Mular, Redpath, and CES systems are summarized be­
low. The scope of the systems varies. O'Hara and CES are 
comprehensive, and cover mining, milling, and infrastructure 
activities providing both capital and operating cost esti­
mates. The Mular system concentrates on capital cost esti­
mates, especially for mineral processing equipment. And the 
Redpath system specializes in capital and operating cost 
estimates for underground mines producing less than 500 tons 
of ore per day.
The level of detail provided by the systems ranges from 
the Mular system which estimates costs for each major piece 
of equipment to the O'Hara System which estimates costs for 
fairly aggregated activities. The CES estimates costs of 
activities referred to as unit processes which are more 
detailed that the O'Hara activities, yet less detailed than 
the Mular estimates.
The estimation technique is fundamentally the same for 
all four systems. Available cost data are assembled for
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particular activities or unit process and a cost relation­
ship established with regression analysis. O'Hara, Redpath, 
and CES use mining or milling capacity as the independent 
variable, and Mular uses equipment size, such as power re­
quirements as the independent variable.
The functional form of the cost estimating relationship 
varies between estimating systems and with activity, but the 
most common form is
Cost = A X b





CREEDE AND DISSEMINATED GOLD DEPOSIT MODELS
Introduction
Two cases, one based on the Creede epithermal geologic 
model, and the other based on the disseminated gold geologic 
model, will be used to illustrate the construction and ap­
plication of mineral deposit-based cost models. Both geo­
logic models require different mining methods for their ex­
ploitation. The Disseminated Gold model is based on open 
pit mining and both heap leaching and cyanide milling while 
the Creede model is based on underground mining and conven­
tional flotation milling. The two show both intermodel 
variation in cost due to differences in exploitation tech­
nology and resource endowment, and intramodel cost variation 
produced by varying the model cost drivers. Both models 
continue to be of current interest to exploration firms 
active in the western United States. The Disseminated Gold 
model has been the primary focus of exploration efforts in 
and around Nevada for the past 10 or so years. To a lesser 
degree the Creede epithermal type of deposit persists as a 
target for certain firms with underground mining expertise 
as exemplified by the presence of Echo Bay Mines in the
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Sunnyside district, Colorado and Homestake Mining Co. at the 
Bull Dog mine near Creede Colorado.
Finally, both models were identified by McKelvey and 
Bliss (1991) as important exploration targets based on their 
contained metal relative to world annual production, but 
this study will show that there are important cost differ­
ences in the exploitation of these two models which signifi­
cantly affect their economic attractiveness.
The models are defined by Cox and Singer (198 6) as the 
Carbonate-hosted Au-Ag model, or Disseminated Gold-type 
deposits, (Cox and Singer number 2 6a), and the Creede Epi­
thermal Vein model (Cox and Singer number 2 5b). Both models 
reflect deposits with strongly contrasting geometries, ore 
mineralogy, and grade-tonnage characteristics.
The two approaches to selecting the appropriate mining 
and milling technologies for the models are also illustrated 
through these two types of deposits. The first approach 
applies to deposits which are being exploited with current 
technology. A survey of mining and milling practice now in 
use provides the basis for defining the engineering parame­
ters of the cost model. This approach is used with the 
Disseminated Gold model.
The second approach selects a mining and milling system 
from the ground-up, based on the geologic characteristics of
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the deposit model and the use of modern technologies. This 
approach is needed when the deposits were exploited with 
technology that is now obsolete. The Creede model fits this 
criteria; many of the deposits have been inactive for many 
decades, and were mined with labor-intensive methods, such 
as shrinkage stoping that would now be avoided.
Once the mining and milling technologies are selected 
the cost model is constructed by aggregating appropriate 
unit process parametric cost equations from the U.S. Bureau 
of Mines CES system. The significant cost drivers are 
identified from the independent variables of the cost equa­
tions. Sensitivity analysis is done on the model using the 
main cost driver(s). A simulation analysis is also per­
formed using the distribution of cost driving attributes 
identified in the geologic model.
The primary cost driver for the Disseminated Gold and 
Creede cost models is capacity. In the simulation analysis, 
capacity was varied by translating the tonnage distribution 
of the geologic grade-tonnage model into capacity with 
Taylor's Rule. Taylor (1977) relates deposit reserves or 
"expected" ore tonnage to the production rate of the mine. 
The equation is
Production Rate (tonnes/day)
= 5 (expected ore tonnes) 0 75/working days per year
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Taylor observes that mining capacity in underground mines 
varies with strike and width of the deposit, but not depth. 
Similarly, in an open pit mine the working space for equip­
ment tends to vary with area; tonnage varies with volume. 
Given these geometric restraints on mine production rate, 
Taylor anticipated a relationship between capacity and the 
two-thirds power of the ore body tonnage. However, the 
above equation was identified by Taylor after examining 
actual mining projects over a wide range of size and for 
many different shapes. Because Taylor's relationship was 
derived from data on such a diversity of deposits, it 
appears to be an appropriate means of translating deposit 
reserves into a preliminary production rate for both open 
pit and vein-type deposits.
Output from the cost models consists of (1) a static 
analysis identifying the main cost-determining activities 
and production inputs, (2) a sensitivity analysis showing 
the variation of unit and total capital and operating cost 
with capacity, and (3) a simulation analysis providing the 
probability distribution of capital and operating cost for a 
randomly selected deposit from the deposit model population.
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Case One: Creede Model
Geologic Model
The Creede Epithermal Vein model developed by Cox and 
Singer (1986) is described as representing gold and polyme­
tallic vein mineral deposits. Ore mineralogy consists of 
galena, sphalerite, chalcopyrite in quartz-carbonate veins. 
The veins are hosted by felsic to intermediate volcanics 
such as andesite, dacite, and quartz latite. The age of the 
deposits are mainly from the Tertiary period.
Notable examples of Creede-type deposits are Pachuca, 
Mexico; Casapalca, Chavin, Colqui, and Rio Pallanga, Peru; 
Animas, Creede, Lake City, Sneffels, and Telluride in 
Colorado; and Oe, Ogare, Toyoha, and Yatani, in Japan.
The geologic attributes important for determining the 
mining and milling technologies are deposit reserves, vein 
width and orientation, strength of the wall rocks, ore 
mineralogy, and compressive strength of the ore. Table 2 
summarizes vein dimensions for a number of Creede-type de­
posits. Most veins are 0.5 to 5 meters wide and average 
between one and two meters. They are dominantly steeply 
dipping, averaging between 7 0 and 75 degrees. Wall rocks 
are normally competent and ore is commonly soft, and breaks 
easily from the wall rock due to a selvage of clay along the 
edge of the veins.
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TABLE 2
SUMMARY OF CREEDE-TYPE DEPOSITS: 
VEIN DIMENSIONS
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Table 2. (continued)
Mine Vein Dimensions (feet )
Length Width Depth
Green Mountain 1, 000 5.0 500
Lead Carbonate 5.5




Philadelphia & Little Fanny 5.0
Bandora 5.0
Great Eastern 10. 0
Pachuca 10. 0 2, 000
Note: This population of dominantly San Juan region deposits 
provided the best information on vein dimensions, however, 
grade and tonnage of ore from most of these mines is not 
available. The grade and tonnage information for the Creede 
model is taken from Cox and Singer (1986).
Source: King, William H . , and Paul T. Allsman, 1950, Recon­
naissance of metal mining in the San Juan Region. Ourav. San 
Juan, and San Miguel Counties. Colorado. U.S. Bureau of 
Mines Information Circular 7554. Washington D.C.: GPO.
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Cost Model
The cost model for these deposits is based on narrow- 
vein mining methods which feed ore to rail haulage and adit 
entry. This mine configuration is typical of both the 
Colorado and Peruvian deposits. The deposit cost models are 
constructed to be as independent of site factors as possi­
ble. Adit entry reflects the base case of a deposit exposed 
at the surface and requires the least amount of development 
work to gain access to the ore.
A cut-and-fill stoping method was selected for the 
model. Historically, shrinkage stoping has been the domi­
nant mining method for Creede-type deposits, but the method 
has major disadvantages in today's environment. Shrinkage 
stoping is labor-intensive, working conditions are danger­
ous, and production' capacity is low (Hustrulid, 1982) .
Modern mines such as the Bulldog mine at Creede, Colorado 
choose to employ cut-and-fill methods for safety reasons and 
because the method is more easily mechanized and productive.
The design basis for the milling process is a standard 
sulfide flotation flow sheet producing zinc and lead concen­
trates, and a copper concentrate if the ore grade warrants 
it. Standard crushing and grinding circuits are used to 
reduce the ore to 80 percent minus 2 00 mesh. The crushed 
ore is moved through the consecutive flotation processes to
T—3828 67
collect the zinc, lead, and copper ore minerals. Each ore 
concentrate is thickened and filtered and moved to concen­
trate storage and loadout facilities. The tailings are 
thickened and placed in a disposal area.
Activities in the Creede mine model are arranged in 
four major categories: production development, ore genera­
tion, general operations, and general expenses. Production 
development consists of core drilling ahead of development 
work, drifting to provide access to new ore, and stope prep­
aration. Ore generation encompasses actual mining and ore 
haulage; general operations support many activities in the 
mine and include activities such as ventilation, water sup­
ply, electricity generation, and stockpile storage. Final­
ly, general expenses represent unit overhead such as admin­
istration, purchasing, and accounting.
Activities in the Creede mill model are arranged in six 
major categories: comminution, flotation, concentrate han­
dling, tailings handling, general operations, and general 
expenses. Comminution encompasses the crushing and grinding 
and coarse ore storage activities. Flotation is the froth 
flotation separation of the ore minerals from gangue. Con­
centrate handling is the thickening and filtering of the 
concentrate, and tailings handling is the thickening and 
placement of the mill tails. General operations support the
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mill as a whole and include activities such as water supply 
and drainage, electricity generation, stockpile operation 
and load-out facilities. General expenses are the unit 
overhead activities including purchasing, accounting, and 
administration. Because this cost model is limited to non­
site-specific aspects of the mine and mill, infrastructure 
and product transportation activities must be added to the 
model results to get a complete cost picture.
Results of the cost models will be examined on three 
levels. The first level is the static distribution of costs 
between activities when the model is evaluated at the ex­
pected capacity appropriate for typical Creede-type depos­
its. The second level is a sensitivity analysis of the mod­
el over a range of capacities appropriate to those expected 
for Creede-type deposits. The third level presents the 
results of simulation analysis when the cost model is driven 
by the distribution of capacities appropriate to the Creede 
tonnage model presented by Cox and Singer (198 6).
Static Analysis. The major capital costs of the Creede 
mine model are preproduction development, working capital, 
and the broad category of general operations; together they 
make up about 75 percent of mine capital cost (see Figure 
1). The other significant items are mining equipment at 14 
percent and engineering at 9 percent.
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WORKING CAPITAL (19.1 %)
WATER (4.4%)
GEN. OPERATION (27.7%)
Figure 1. Creede Model: Mine Capital Cost Distribution
(mining cost distribution at 500 TPD)
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The general operation costs are fairly evenly distrib­
uted within a dozen categories, the largest of which are 
generator expense, cost of the make-up water system, shops 
and warehouse expense, and ventilation expense.
The major areas of capital cost for the Creede mill 
model are the comminution eguipment and the broad category 
of general operations which together make up 66 percent of 
the total capital cost (see Figure 2). The major items 
within the category of general operations are generator 
expense at 9 percent of total capital cost and water supply 
expense at 14 percent of total capital cost.
The distribution of mine operating cost in terms of 
activities is dominated by the mining, drifting and stope 
preparation (see Figure 3). Mining accounts for 44 percent 
of operating costs, drifting is 14 percent, and stope 
preparation is 23 percent. Other significant items of ex­
pense, each contributing between 5 to 7 percent of total 
operating costs, are ore haulage, unit overhead, and general 
items which includes communications, sanitation, housekeep­
ing, fire protection, and electrical maintenance and repair.
The inputs of production for the model activities are 
labor, supplies, and eguipment operating cost (Figure 4). 
Labor includes both direct and maintenance labor. Supplies 
are consumable items of a particular activity, including
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Figure 2. Creede Model: Mill Capital Cost Distribution
(milling cost distribution at 357 TPD)
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MINING (44.0%)
Figure 3. Creede Model: Mine Operating Cost Distribution
(mining cost distribution at 500 TPD)
T—3828 73
electrical power, natural gas, and chemicals. For example, 
supplies for the mining activity are 2 6 percent explosives, 
24 percent steel items, 3 2 percent timber, and 18 percent 
miscellaneous items. Equipment operating cost includes 
fuel, lubricants, tires, and repair parts.
About two-thirds of mine operating costs are for labor 
and one-third for supplies. Approximately 3 percent of 
operating cost is equipment operation. The largest single 
cost item is for mining labor, just over one-third of the 
total mine operating cost.
Operating costs for the Creede mill model are about 
one-fourth the mine operating cost (Figure 5). Mill operat­
ing costs are concentrated in the crushing, grinding, flota­
tion, and unit overhead activities which together constitute 
about 75 percent of total operating cost. Crushing and 
grinding are 18 percent and 27 percent respectively of 
operating cost. The comminution activity accounts for 
almost half of mill operating cost. Flotation is 14 percent 
of operating cost, and unit overhead is about 16 percent.
The other 15 activities in the milling process each account 
for between 0.5 and 2 percent of operating costs.
Labor is the dominant production input accounting for 





Figure 4. Creede Model: Mine Operating Input Costs












Figure 5. Creede Model: Mill Operating Cost Distribution
(milling cost distribution at 357 TPD)
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operation are about equal at 19.4 percent and 15.4 percent 
of total operating cost (Figure 6).
Sensitivity Analysis. Sensitivity analysis was con­
ducted on the Creede model to determine how cost varies with 
capacity. Capacities ranged between 500 to 5,000 tonnes of 
ore per day, typical operating rates for Creede-type depos­
its. Minor cost-determining factors such as vein width and 
dip, and ore hardness were held constant at typical values. 
Vein width was two meters and dip was 7 0 degrees, ore hard­
ness was 1,495 pounds per square inch. The mine was assumed 
to operate five days per week, and the mill seven days per 
week. Daily capacity is mine capacity, and the matching 
mill capacity is 71 percent of mine capacity. For example, 
at a mine capacity of 500 tonnes per day the mill throughput 
would be 357 tonnes per day.
Capital costs for the mine range between $15,980 per 
tonne daily capacity at mine rate of 500 tonnes per day to 
$9,886 per tonne daily capacity at mine rate of 5,000 tonnes 
per day (Figure 7). By contrast mill capital cost ranges 
between $12,600 per tonne of daily capacity at mine capacity 
of 500 tonnes per day to $6,540 per tonne of daily capacity 





Figure 6. Creede Model: Mill Operating Input Costs
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Figure 7. Creede Model: Mine and Mill Unit Capital Cost
Versus Capacity (cost per tonne capacity)
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Figures 7 and 8 illustrate the variation in capital
cost with changes in capacity. Figure 8 indicates that
there is an approximately linear relationship between cap­
ital cost and capacity. The linear regression equation of 
total mine and mill capital cost versus capacity is:
$CAPITAL COST = 7,262,000 + 13,287.24 (MINE CAPACITY) 
where mine capacity is expressed in tonnes per day.
The R-sguared coefficient of the regression is 0.99. 
Figure 7 shows the variation of capital cost per tonne 
of capacity versus mine capacity. Unit capital costs de­
crease geometrically for both mine and mill to a value of 
$9,900 per tonne daily capacity for mining and $6,500 per 
tonne daily capacity for milling at a mining rate of 5,000 
tonnes per day. The graph indicates that the largest 
reductions in unit capital cost is achieved by increasing 
capacity to about 2,000 tonnes per day.
Operating costs for the mine range from $35,370 per day
at a capacity of 500 tonnes per day to $215,680 at a capaci­
ty of 5,000 tonnes per day (Figure 9). The corresponding 
unit costs are $70.75 per tonne of ore at a capacity of 500 
tpd, and $43.14 at a capacity of 5,000 tpd (Figure 10).
Mill daily operating costs are significantly less than 
mining costs. Daily mill costs range from $7,054 per day at 
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Figure 8. Creede Model: Mine and Mill Capital Cost
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Figure 10. Creede Model: Mine and Mill Unit Operating Costs
Versus Capacity (per tonne basis)
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capacity of 5,000 tpd (Figure 9). The milling unit costs 
vary from $19.75 per tonne milled at a mining rate of 500 
tpd to $7.47 per tonne of ore milled at a mining rate of 
5000 tpd (Figure 10).
Figure 9 illustrates the daily operating cost versus 
capacity. The relationship is linear and the regression 
equation describing total mine and mill operating cost with 
the mine capacity as the determinant is
OPERATING COST ($/day) = 24,128 + 44.14(MINE CAPACITY) 
where mine capacity is expresses as tonnes per day.
The R-squared coefficient for this regression is 0.99. 
Figure 10 shows the variation of unit mining and 
milling cost versus mine capacity. Both costs decrease 
geometrically with increasing mine capacity. The largest 
decrease in unit cost occurs as capacity increases from 500 
tpd to about 2,000 tpd.
In summary, both capital cost and daily operating cost 
show a linear increase with capacity that is well described 
by an equation of the form:
COST = A + B(CAPACITY)
Unit operating costs decrease geometrically with increasing 
capacity, and the largest decreases in cost are achieved by 
increasing capacity to about 2,000 tpd.
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Simulation Results. The Creede models were analyzed
by simulation to determine the probable cost structure of a
as yet-to-be-discovered Creede-type deposit. The cost driv­
ers used in the simulation were deposit tonnage, vein width, 
vein dip, and ore grade. Ore grade is a determinant of the 
concentrate thickening, filtering, and load-out costs. The 
dip of the vein determines mining dilution and the diluted
ore grade which in turn is the main determinant of metallur­
gical recovery and hence volume of concentrate. Vein width 
is a determinant of stope preparation costs. However, the 
primary cost driver for the capital and operating costs of 
almost all activities is mine capacity. Mine capacity was 
determined from the deposit tonnage model using Taylor's 
Rule which relates deposit tonnage to mine capacity by the 
relationship:
Production Rate (tonnes/day) = 5 (expected ore 
tonnes) °-75/working days per year.
The distribution of tonnage and grades used in the 
simulation was taken from the tonnage and grade model of Cox 
and Singer (1986). Tonnage has a lognormal distribution 
with a mean of 1.4 million tonnes. Ore grades are also 
lognormally distributed with mean copper, lead, and zinc 
grades of 0.16 percent, 2.5 percent, and 1.7 percent respec­
tively.
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A uniform distribution was chosen for vein width with 
maximum and minimum values of 0.5 meters and 5.0 meters. A 
dependency relationship was defined between vein width and 
ore tonnage since wider veins imply higher tonnages, ceterus 
paribus. A 75 percent correlation between vein width and 
tonnage was used for the simulation.
Results of the simulation indicate that capital cost 
has an expected value of $15.4 million with a standard devi­
ation of $6.3 million. The capital cost distribution is 
skewed, and the modal value is about $14 million —  $9 mil­
lion for the mine and $5 million for the mill. The distri­
bution suggests that there is a 95 percent probability that 
capital, cost will not exceed $27.3 million. Figures 11 and 
12 show distribution of mine and mill capital costs.
Operating costs show a similar distribution, skewed to 
the left with a tail of higher operating costs extending to 
a maximum of about $180 per tonne. The mean or expected 
operating cost for the Creede model is $79 per tonne of ore 
mined and milled. These operating costs have a standard 
deviation of $27; the distribution has maximum and minimum 
values of $182 per tonne and $41 per tonne, respectively, 
and is skewed to the left. The mode of the distribution is 
about $62 per tonne. Figure 13 shows the distribution of 
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Figure 11. Creede Model: Simulation Results of Mine Capital
Cost
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Figure 12. Creede Model: Simulation Results of Mill Capital
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the separate distributions of operating costs for the mine 
and mill. The distribution suggests that there is a 95 
percent probability that total operating costs will be less 
than $13 6 per tonne.
Comparing modal operating cost with potential revenue 
generated from modal grades of copper, lead, zinc, silver, 
and gold and using January 199 3 spot prices indicates that 
revenue would not cover operating cost, and that well above 
average grades would be necessary to support a viable mine.
Summary of Results The main elements of capital cost 
for the Creede model are as follows:
Mine Mill
Preproduction Development Comminution Equipment
Working Capital General Operations
General Operations
The main elements of operating cost for the Creede 
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The variation in capital and operating costs over the range 
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500 tpd 5.000 tod 500 tod 5.000 tod
Capital Cost 
($/T daily
capacity) $16,000 $10,000 $12,600 $6,500
Operating Cost
(per day) $35,400 $215,700 $7,100 $26,680
The equation that describes capital cost for the mine 
and mill together is
CAPITAL COST = $7,262,000 + 13,276 (MINE CAPACITY,tpd) 
The equation that describes combined mining and milling 
operating cost is
DAILY OPERATING COST =
$24,128 + 44 (MINE CAPACITY, tpd)
Simulation analysis of the Creede model indicates a 
mean capital cost of $15.4 million with a standard deviation 
of $6.3 million. Operating costs have a mean of $78 per 
tonne of ore with a standard deviation of $27.
Notable examples of deposits belonging to the Dissemi­
nated Gold model are the Round Mountain, Chimney Creek, and 
Carlin Trend mines. Most of these deposits have been 
discovered and developed since 1975, and consequently are 
being exploited with fairly uniform and modern technology. 
The deposits are mined by open pit methods, and mineral
Case Two: Disseminated Gold Model
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processing relies heavily on heap cyanide leaching and 
conventional cyanide milling processes.
Geologic Model
The Disseminated Gold model of Cox and Singer (1986), 
is described as very fine grained gold and sulfide minerals 
disseminated in carbonaceous calcareous rocks and jasper- 
oids. The model is easily extended to similar deposits 
hosted by a wide range of lithologies including volcanic 
rocks, but whose other attributes are largely the same.
Ore mineralogy consists of native gold and auriferous 
sulfides, including pyrite and arsenopyrite. Gangue miner­
als include quartz and calcite. Sulfides are usually less 
than 1 percent of the ore. Notable examples of disseminated 
gold deposits are the Carlin, Alligator Ridge, and Jerritt 
Canyon mines in Nevada.
The geologic attributes important for determining the 
mining and milling technologies are deposit reserves, shape 
and dimensions of the mineralization, wall rock stability, 
ore mineralogy, and ore hardness. Table 3 summarizes the 
size and grade attributes for a number of disseminated gold 
deposits. Typically the deposits are 1,000 feet by 2,2 00 
feet in plan view, and contain between 2 and 3 3 million
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TABLE 3











Allegator Ridge 3 00 500 5, 000 0.11















Carlin 5,500 9,400 0.32
Cortez 3,400 0.29
Crofoot 22,000 0.28
Dee 700 1, 000 180 2,670 0.115
Delamar 10,000 0. 07
Florida Canyon 1, 300 4, 600 360 17,800 0.025
Getchell 1, 000 2,000 30 7, 600 0. 17
Gold Acres 1, 150 1,500
Gold Bar 500 3 , 000 150 2,628 0. 115
Gold Quarry 1, 200 1, 200 1, 000 144,000 0.49
Goldstrike
(Barrick) 33,800 0. 04
Goldstrike
(Tenneco) 4,500 0. 04
(continued on next page]
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Hasbrouck 3,000 3,000 5, 000 0.1
Horse Canyon 3 ,200 0.1











McCoy 6,100 0. 054
McLaughlin 6,000 0.17
Mercur 300 900 15,000 0. 049
Mesquite 600 1,700 260 32,500 0. 049
Northumberland 900 4,000 1,011 0.119
Paradise Peak 600 1,400 600 12,000 0.102
Pinson 80 1,300 300 3,245 0. 105
Relief Canyon 7,792 0. 035














Sleeper 350 800 180 3,748 0.22
Zortman 39.000 0.02
Source: Schafer, Robert W . , Cooper, James J . , & Vikre Peter 
G . , eds., 1988, Bulk Mineable Precious Metal Deposits of the 
Western United States. Geological Society of Nevada. Reno, 
Nevada.
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tonnes of reserves (see Table 3). The gold is disseminated 
throughout the deposit and can occur in a number of forms.
Cost Model
Although simple from a mining standpoint, these depos­
its show considerable complexity in their metallurgical 
characteristics. Based on the nature of the gold mineral­
ization, and the chemistry of the associated gangue, several 
metallurgical technologies are applied to the recovery of 
gold from this class of deposit.
A survey of mining and milling technologies currently 
in use at Disseminated Gold deposits shows that mining is 
exclusively by open pit methods (see Table 4). The choice 
of mining method is largely a result of the form, shape, 
size and low grade of the mineralization. The higher cost 
of underground mining methods to date has excluded their 
application to Disseminated Gold deposits.
Gold is recovered from ores mainly through heap leach­
ing and milling. To be amenable to heap leaching the gold 
must be accessible to percolating cyanide solutions without 
extensive preparation by processes such as grinding. In 
addition, deleterious elements that prevent the gold from 
going into solution with the cyanide must be absent. If
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TABLE 4 
DISSEMINATED GOLD DEPOSITS 
EXPLOITATION CHARACTERISTICS 








Crofoot Open Pit 17,000 12,000
Cove Open Pit X X
Dee Open Pit 26,500 1,400 900
Florida
Canyon Open Pit 32,000 11,400
Gold Bar Open Pit 9, 000 1,500
Gold Quarry Open Pit 7,000
Gold Strike Open Pit 17,000 6, 000
Horse Canyon Open Pit 95,000 9,300 2,000
Jerritt Canyon Open Pit 230,800 X
Manhattan Open Pit 3 , 000
McCoy Open Pit
McLaughlin Open Pit 30,000 3 ,200
Mercur Open Pit 35,000 5,000
Mesquite Open Pit 13,000
Northumberland Open Pit 4,200 3,000










Paradise Peak Open Pit 12,000 4,000
Pinson Open pit 30,000 1,500
Rabbit Creek Open Pit 1, 500
Relief Canyon Open Pit 15,000 5,000
Round Mountain Open Pit 72,000 14,700
Shumake Open Pit 6, 000 4,200
Zortman Open Pit 35.400 17.400
Source: Lowe, N.T., Raney, Russell G. , and Norberg, John R . , 
1985, Principal Deposits of Strategic and Critical Minerals 
in Nevada. U.S. Bureau of Mines Information Circular 9035. 
Washington D. C.: GPO.
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the ore is not suitable for heap leaching, then a variety of 
milling techniques can be considered providing the ore has 
sufficient grade to bear the added expense.
A survey of disseminated gold deposits shows that they 
are all exploited with heap leach technology either wholly 
or in part. Many deposits use a combination of heap leach­
ing and milling methods. The cost model is based on heap 
leaching methods and on a standard carbon-in-pulp milling 
circuit. The mill design is based on the flow sheet for 
Goldfield's Chimney Creek disseminated gold deposit.
Other mill technologies used to exploit refractory 
ores, are less generic; have restricted application; and are 
more difficult to model.
In summary, the disseminated gold cost models are based 
on a small- to medium-sized truck and shovel open pit mining 
method, and two different metallurgical techniques. The 
first is the widely used heap leaching technology, and the 
second is a conventional carbon-in-pulp milling method. The 
end product of both methods is a dore bullion.
Activities in the disseminated gold mine model are 
arranged in four major categories: preproduction activities 
or waste removal, mining ore, general operations, and gen­
eral expense or unit overhead. Preproduction activities are 
clearing, and blasting and hauling waste. Mining ore is the
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drilling, blasting, loading and hauling of ore. General 
operations support several activities, including electricity 
generation, stockpile operation, water supply, and general 
items. And finally, general expense is the unit overhead 
activities such as administration, purchasing, and account­
ing.
Activities in the Disseminated Gold mill model fall in 
five general categories: comminution, leaching, tailings 
disposal, general operations, and general expense or unit 
overhead. Comminution includes ore crushing and grinding. 
Leaching is the carbon-in-pulp cyanide leaching of the ore, 
and tailings disposal is the thickening and placement of the 
mill tailings. General operations include electricity 
generation, stockpile operation, water supply and drainage 
systems, and other general items. General expenses are the 
unit overhead costs including purchasing, accounting, and 
administration.
The Disseminated Gold cost model is restricted to the 
site-independent aspects of the mine and mill operation. 
Infrastructure and product marketing and transportation 
activities are not included in the model.
Results of three analyses are presented in this sec­
tion: static distribution of costs for the expected capaci­
ty, results of sensitivity analysis over a range of capaci­
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ties and stripping ratios, and results of a simulation 
analysis driven by the tonnage distribution of Disseminated 
Gold deposits.
Static Analysis. In this section the distribution of 
capital and operating costs for the mining, milling, and 
heap leach operations will be described.
Mining equipment (57 percent) and general operations 
(23.7 percent) account for nearly 81 percent of mine capital 
costs (Figure 16). Eighty percent of general operations 
costs cover buildings, stockpile and storage facilities, and 
the electrical generator.
Preproduction cost is low in this model because the 
model was constructed to represent a base case of an ore 
deposit exposed at surface with maximum accessibility.
Mill model capital costs are the equipment for the 
cyanide leaching circuit (40 percent), crushing and grinding 
equipment (12 percent), engineering fees (17 percent), and 
the mill building (11 percent) (Figure 17).
Capital costs for the heap leach model are based on a 
detailed cost estimate by Cobb (1988) for a 1,800 tonne-per- 
day heap leaching facility. The operation crushes, screens 
and agglomerates the ore, and uses a portable Merrill-Crowe 
recovery plant.
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WORK. CAP. (9.8% )-^
GEN. OPERAT. (23.7%)
Figure 16. Disseminated Gold Model: Mine Capital Cost
Distribution (2500 TPD and 2:1 stripping ratio)
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WORK CAP. (5.2%) COMMINUTION (12.0%)
GEN. OPERAT. (23.0%)
TAILINGS (3.0%)
Figure 17. Disseminated Gold Model: CIP Milling Capital Cost
Distribution (2500 TPD mining rate)
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Crushing and agglomeration equipment represents 2 2 percent 
of the capital cost, the portable recovery plant, 15 per­
cent, and the water supply and treatment facility, 18 per­
cent. Construction of the leach pads with clay lining ac­
counts for only about 7 percent. Cobb does not include a 
working capital cost in his estimate. The largest general 
category of capital cost is general expense at 31 percent 
which includes the water supply system mentioned above. 
Figure 18 shows the combined mine and heap leach capital 
cost distribution.
The mine model was evaluated at a stripping ratio of 
two in order to provide a realistic distribution of costs. 
Although the selection of this value is arbitrary and pur­
posely low, it does represent a realistic value for some 
favorably situated deposits.
The distribution of mine operating costs are as fol­
lows: ore preparation, 50 percent; ore mining, 24 percent; 
general operations, 13 percent; and unit overhead, 13 per­
cent. Major individual expense items are: 3 0.4 percent of 
total operating cost is for hauling waste during ore prepa­
ration, and 20.7 percent of total operating cost is for 
hauling ore during ore mining. In total, the hauling 




ENG. FEES (3.1%)WORK. CAP. (6.3%)
Figure 18. Disseminated Gold Model: Mine and Heap Leach Capital





BLAST ORE (3.4% )-'
Figure 19. Disseminated Gold Model: Mine Operating Cost
Distribution (2,500 TPD mining rate & 2:1 stripping ratio)
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In terms of inputs to production, labor is 57.6 percent 
of operating cost, supplies are 10 percent, and equipment 
operation is 3 2.4 percent.
The distribution of mill operating cost within the 
major expense categories is 42 percent for comminution, 3 3 
percent for cyanide leaching, 12 percent for general opera­
tions, and 13 percent for unit overhead. Major individual 
expense items within these broad categories are 13 percent 
of total operating cost is for crushing, and 2 9 percent is 
for grinding (Figure 20).
In terms of inputs to production, labor constitutes 50 
percent, supplies 3 5 percent, and equipment operation 15 
percent.
Distribution of heap leach operating costs are 19 
percent for crushing and agglomerating, 63 percent for leach 
pad operation, and 21 percent for unit overhead. The ex­
pense for reagents is 13 percent of total operating cost.
In terms of inputs to production, labor is 27 percent, 
supplies are 4 3 percent, and equipment operation is 3 0 
percent of total operating cost (Figure 21).
In summary, capital costs for the Disseminated Gold 
model are dominated by mine haulage, and mineral processing 
equipment. Major equipment expense items are the grinding, 





Place Tls. (1 
Thicken Tls. (1.1%)- •Grinding (28.7%)
Figure 20. Disseminated Gold Model: CIP-Mill Operating Cost
Distribution (1,800 TPD operating rate)
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CRUSHING & STOCKING (21.4%)
PONDS & PIPES (4.4%)
OPERATING LABOR (14.8%)
Figure 21. Disseminated Gold Model: Heap Leach Operating Cost
Distribution (2,500 TPD mining rate)
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and the water supply, the Merrill-Crowe plant, and crushing 
equipment in the heap leach model.
Operating costs are dominated by ore and waste haulage 
in the mine model, and by crushing, grinding, and leach 
activities in both mill and heap leach models.
Sensitivity Analysis. Sensitivity analysis was 
conducted to determine how cost varies with capacity and, to
a lesser extent, with stripping ratio. The range of capaci­
ties used in the simulation ranged between 500 to 10,000 
tonnes per day, a range typical of operating rates for 
Disseminated Gold deposits. Other cost-determining factors 
such as ore hardness are held constant at typical values. - 
The mine is assumed to operate five days a week and the 
mineral processing plant, seven days.
Capital costs for the mine range between $12,400 per 
tonne daily capacity at an operating rate of 500 tonnes per 
day to $2,088 per tonne daily capacity at an operating rate 
of 10,000 tonnes per day.
Mill capital costs per tonne of daily capacity range 
from $17,800 at a mine operating rate of 500 tonnes per day 
to $6,2 00 at a mine operating rate of 10,000 tonnes per day.
Finally, the capital cost of heap leach facilities 
ranges from $7,300 per tonne of daily capacity at a mining
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rate of 500 tonnes per day to $3,100 per tonne of daily 
capacity at a mining rate of 10,000 tonnes per day.
Figures 22, 23, and 24 show the variation in capital 
cost with changes in capacity. Figures 22 and 2 3 indicate 
an approximately linear relationship between capital cost 
and capacity. The linear regression equations of capital 
cost and capacity (tonnes per day) are 
MINE AND MILL CAPITAL COST ($)
= 18,022,760 + 6,775 (MINE CAPACITY) 
R-Squared = 0.986 
MINE AND HEAP LEACH CAPITAL COST ($) =
= 10,515,547 + 3,434 (MINE CAPACITY) 
R-Squared = 0.984 
Figure 24 shows the variation of capital cost per tonne 
of capacity versus mining rate. Unit capital costs decrease 
geometrically for both mine, mill, and heap leach to a value 
of $2,100 for the mine, $6,200 for the mill, and $3,100 for 
the heap leach at the maximum capacity of 10,000 tonnes per 
day of mine throughput. The largest percentage decrease in 
unit capital cost is in mining which is reduced to 17 per­
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Figure 22. Disseminated Gold Model: Capital Cost Versus
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Figure 23. Disseminated Gold Model: Mine, Mill, and Heap Leach
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Figure 24. Disseminated Gold Model: Capital Cost per Tonne of
Capacity
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day. The comparable reduction in unit milling cost from 
$17,800 to $6,200 is 34 percent. In both cases the major 
reductions in unit capital cost are achieved by increasing 
the production rate to about 4,500 tonnes per day.
Operating costs for the Disseminated Gold model are 
dominated by milling costs and heap leaching costs, except 
at rates of production less than 1,500 tonnes per day when 
mine operating cost exceeds heap leach costs. Heap leach 
unit operating costs do not vary with capacity in this study 
because the cost estimating model is based on a static cost 
estimate by Cobb (1988) of an 1,800 tonne per day heap leach 
operation. Although the model probably produces adequate 
results for the range of capacities relevant for the Dissem­
inated Gold model, it is not strictly accurate over the 
complete range of the sensitivity analysis. Consideration 
of the elements of operating cost suggest that items such as 
reagents, power, and direct equipment operating cost proba­
bly do vary directly with operating rate. These costs 
account for about 50 percent of operating cost. However, 
other items such as labor, maintenance, and unit overhead 
costs probably exhibit economies of scale and in net reduce 
unit operating cost for higher capacities.
Operating costs for mining range from $11.04 per tonne 
at a capacity of 500 tonnes per day to $2.05 at a capacity
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of 10,000 tonnes per day at a zero stripping ratio. When 
the mine operates at a stripping ratio of two the operating 
costs range from $18.00 per tonne of ore to $4.31 per tonne 
of ore as capacity varies from 500 tonnes per day to 10,000 
tonnes per day. See Figures 25 and 26.
Operating cost inputs for mining (Figure 27) are dom­
inated by labor followed by equipment operation expense and 
supplies. The relative importance of these inputs does not 
change with changes in capacity.
Mill operating costs are significantly more than mine 
or heap leach costs. Daily mill costs range from $7,500 per 
day at a mine capacity of 500 tonnes per day to $47,800 per 
day at a capacity of 10,000 tonnes per day. The mill unit 
operating cost varies from $21.06 per tonne of ore at mine 
capacity of 500 tonnes per day to $6.69 at mine capacity of
10,000 tonnes per day (figure 26). Operating cost inputs 
for milling (Figure 28) are dominated by labor and supplies.
Figure 2 9 illustrates the daily operating cost versus 
capacity relationship for mining, heap leaching, and milling 
operations over a mine capacity range of 500 to 10,000 
tonnes per day. The relationship is nearly linear, and the 
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Figure 25. Disseminated Gold Model: Unit Operating Cost Versus
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(at stripping ratio = 0)
MINE OPERATING COST ($/day)
= 6,207 + 1.505 (MINE CAPACITY)
R-Squared = 0.98 6 
When the stripping ratio is two the equation is 
MINE OPERATING COST ($/day)
= 10,309 + 3 . 4 3  (MINE CAPACITY)
R-Squared = 0.987
and:
MILL OPERATING COST ($/day)
= 7,547 + 4.127 (MINE CAPACITY)
R-Squared = 0.996 
In summary, both capital cost and daily operating cost 
show linear increase with capacity which is described by an 
equation of the form:
COST = A + B (CAPACITY)
Unit operating costs and capital cost per tonne of capacity 
decrease geometrically with increasing capacity to about 
4,500 tonnes per day.
Simulation Analysis. The Disseminated Gold models were 
analyzed by simulation to determine the probable cost struc­
ture of a mining operation exploiting this type of deposit. 
Cost drivers used are mine capacity and stripping ratio.
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Capacity is the primary cost driver for all mining and 
mineral processing activities. Stripping ratio is a direct 
determinant of the total material moved by mining. It 
affects the drilling, blasting, and hauling activities.
The distribution of the tonnage and grade used in the 
simulation was taken from the tonnage and grade model of Cox 
and Singer (1986). Tonnage has a lognormal distribution 
with a mean of 5.1 million tonnes. The distribution of 
stripping ratio was selected from a range of typical strip­
ping ratios of operating disseminated gold deposits. A 
uniform distribution with a range from one to three was used 
in the simulation.
Results of the simulation indicate that expected 
capital costs for the mining and CIP milling are $37.2 
million with a standard deviation of $13.4 million (Figure 
3 0). For a mining and heap leaching operation the expected 
capital cost is $22.8 million with a standard deviation of 
$7.8 million (Figure 31). The mining and milling capital 
cost distribution is skewed to the left and modal capital 
costs are approximately $3 0 million. The distribution 
suggests that there is a 95 percent probability capital cost 
will not exceed $63 million. The mining and heap leach 
capital cost distribution is also skewed to the left and has 
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Figure 30. Disseminated Gold Model: Simulation Results of Mine
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Figure 31. Disseminated Gold Model: Simulation Results of Mine
and Heap Leach Capital Costs
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probability that capital cost will not exceed $37 million.
The mean value of operating cost for mining and milling 
is $20.59 per tonne with a standard deviation of $6.11 per 
tonne (Figure 32). The operating cost for a mining and heap
leach combination has a mean value of $13.16 per tonne with
a standard deviation of $2.94 (Figure 33). The distribution 
of cost is skewed to the left and suggests a 95 percent 
probability that mining and milling costs will not exceed 
$3 2.2 9 per tonne. Similarly, mining and heap leach costs 
have a 95 percent probability of not exceeding $18.61 per 
tonne. The modal operating cost for mining and milling is 
about $16 per tonne and for mining and heap leaching, about 
$11 per tonne.
Summary of Results. The main elements of capital cost 
for the Disseminated Gold model are the following:
M ine. SR=2 Mill
Mine Equipment, 57% Cyanide Leach Circuit, 4 0%
General Operations, 24% Engineering Fees, 17%
Heap Leach Comminution Equipment, 12%
















Figure 33. Disseminated Gold Model: Simulation Results of Mine
and Heap Leach Operating Cost
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Cyanide Leaching, 3 3% 
General Operations, 12% 
Unit Overhead, 13%






Crush & Agglomerate, 19%
Unit Overhead, 18%
Below is the variation of capital and operating costs 
over the range of capacity between 500 to 10,000 tonnes per 
day.
Capital Operating























The equation that describes combined mining and milling 
operating cost for a mine with a stripping ratio of two is
DAILY OPERATING COST = $17,858 + 7 . 5 6  (MINE CAPACITY)
The equation that describes capital cost for a mine 
with a stripping ratio of zero and heap leach recovery 
process is
CAPITAL COST = $10,515,547 + 3,434 (MINE CAPACITY)
The equation that describes capital cost for a mine 
with a stripping ratio of zero and CIP mill recovery process 
is
CAPITAL COST = $18,022,760 + 6,774.9 (MINE CAPACITY)
Simulation analysis of the Disseminated Gold model 
indicates that capital costs have expected values of $3 7.2 
million for the mine and CIP mill operation with a standard 
deviation of $13.4 million. The mine and heap leach type 
operation has an expected capital cost of $22.8 million with 
a standard deviation of $7.8 million. Operating cost ex­
pected values are $20.59 per tonne for mining and CIP 
milling with a standard deviation of $6.11 per tonne, and 
$13.16 per tonne for mining and heap leaching with a stan­
dard deviation of $2.94 per tonne.
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The median grade from the Cox and Singer tonnage and 
grade model is 0.07 ounces of gold per ton, and using a gold 
price of $33 0 per ounce and 90 percent recovery, revenue of 
about $22 is generated per tonne of ore. This suggests that 
the economics of the Disseminated Gold model are potentially 
viable at median grades in contrast to the Creede model 





This study set out to accomplish two things. First, to 
construct cost models for two contrasting geologic types of 
deposits. These models could be used in the strategic plan­
ning process of mineral exploration. Second, to use these 
models to test the hypothesis that the cost structure of one 
geologic type of ore deposit will differ significantly from 
the cost structure of another geologic type of ore deposit 
because of differences in the technology appropriate for 
exploiting them.
Cost models are part of what Harris (1990) calls the 
"economic filter" used in preexploration analysis of explo­
ration economics. The planning process outlined by Harris 
restricts analysis to a single type of deposit at a time, 
for instance, epithermal vein deposits. Deposit-specific 
probability models are fitted to frequencies of deposit 
features, such as ore tonnage and average grade, and an 
economic filter is used to estimate the proportion of 
deposits in a region that, if discovered, would be economic 
(Harris, 1990).
This approach is superior to the technique used by 
McKelvey and Bliss (1991) which use the grade and tonnage
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models presented by Cox and Singer (1986) to rank the impor­
tance of particular types of mineral deposits. The ranking 
is based on the amount of contained metal in the median 
deposit for each category of deposit. The contained metal 
is calculated using the median tonnage and median grade 
which are assumed to be independent variables. The con­
tained metal is then compared to the estimated annual world 
production of that metal to establish the significance of 
the deposit type. Using this method, McKelvey and Bliss 
found that Creede epithermal vein deposit types had con­
tained silver and lead metal in the median deposit which 
accounted for 1.3 and 1.1 percent, respectively, of 1989 
world production. Likewise Hot spring Au-Ag deposits had a 
median gold content which accounted for 1.1 of 1989 world 
gold production.
Because McKelvey and Bliss do not consider the differ­
ences in cost associated with different extractive technolo­
gies, and do not explicitly consider the effect of grade on 
net present value, their method is far less useful than the 
"economic filter" type of analysis advocated by Harris.
This is demonstrated by their selection of the Creede model 
as an important exploration target for lead and silver while 
ignoring the probable high cost of production associated 
with this type of deposit.
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The differences in the cost structure of the Creede 
model and the Disseminated Gold model are striking, and can 
be attributed to the nature of the mineral deposits that 
constitute the models. The median Creede deposit is the 
smaller deposit and with a lower rate of production. A low 
production rate generally requires higher unit costs.
The different mining and mineral processing methods 
typically used to exploit the two types of deposits is the 
other main reason for the difference in the cost structure. 
The Creede model is based on steeply dipping vein mineral­
ization two- to fifteen-feet wide, and exploited with a cut- 
and-fill mining method— a typical type A mine (Taylor,
1972). The Disseminated Gold model is based on a dissemi­
nated form of mineralization exploited with open pit mining 
methods— a typical type C mine (Taylor, 1972). Cost models 
constructed on the basis of these typical mine configu­
rations demonstrate the contrasts in cost behavior of the 
two mineral deposit models expressed in terms of operating 
inputs, operating costs, and capital costs.
Inputs to production for the Creede and Disseminated 
Gold models are quite different. Creede mining cost, 
evaluated at a throughput of 2,000 tonnes per day, is 
dominated by labor input at about $31 per tonne, followed by 
supplies at almost $16 per tonne, and equipment operation at
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$1.34 per tonne. The major inputs for disseminated gold 
mining evaluated at the same throughput, on the other hand, 
are labor at $4.22 per tonne, equipment operation at $2.40, 
and supplies at $0.76. Labor is the main input in both 
models, but more than six times as much labor is needed in 
the Creede model.
Milling inputs for the Creede and Disseminated Gold 
models are more comparable, but still exhibit some differ­
ences. Mill labor is $2.80 per tonne for the Creede model 
and $4.77 per tonne for the Disseminated Gold model. Mill 
supply cost is equivalent to labor cost; Creede mill 
supplies are $4.54 per tonne and Disseminated Gold mill 
supplies are $3.53 per tonne. Equipment operation input is 
the least important and approximately equal for both models 
at about $1.60 per tonne. Table 5 summarizes the mining and 
milling inputs for both models.
A comparison of daily operating costs for both models 
indicates that Creede operating costs are higher than 
Disseminated Gold costs at all capacities, and increase at a 
faster rate as capacity increases. Daily operating costs 
for the two models are described by the following equations: 
Creede mining and milling operating costs.
Operating Cost ($/day) = 24,128 + 44.14 (Capacity)
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Table 5
Creede and Disseminated Gold Models 
Operating Inputs 














Mining ($/T) $4.22 $0.76 $2.40
Milling ($/T) 4.77 3.53 1.49
$17.17
Disseminated Gold mining and milling operating costs (strip­
ping ratio = 0).
Operating Cost ($/day) = 13,754 + 5.63 (Capacity) 
Disseminated gold mining and heap leaching operating costs 
(stripping ratio = 0).
Operating Cost ($/day) = 6,207 + 5.11 (Capacity)
A comparison of the capital costs for the Creede and 
disseminated gold models are summarized in Table 6. Creede 
model capital costs are significantly higher than dissemi­
nated gold mining and milling capital costs except at pro­
duction rates below approximately 2,500 tonnes per day, or 
1,200 tonnes per day for a disseminated gold mining and
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leaching operation. Equations describing mine and mill 
capital cost per tonne of daily capacity are:
Creede model capital costs.
Capital Cost ($/tonne daily capacity)
= 7,262,000 + 13,267 (Capacity)
Disseminated Gold model mine and mill capital cost.
Capital Cost ($/tonne daily capacity)
= 18,022,760 + 6,775 (Capacity)
Disseminated Gold model mine and heap leach capital cost. 
Capital Cost ($/tonne daily capacity)
= 10,515,547 + 3434 (Capacity)
Table 6 
Capital Cost Comparison 
Creede and Disseminated Gold Models 
(at 2,000 tonnes per day mining throughput) 





Thus cost data from the models shows that on the basis 
of production inputs, operating cost, and capital cost the 
Creede-type deposits and disseminated gold-type deposits are
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quite different. Creede deposits use greater amounts of all 
inputs, but especially labor to extract and process a tonne 
of ore, and have much higher operating and capital costs. 
These results in themselves are not particularly surprising 
since it is widely appreciated that it is more expensive to 
mine a tonne of ore by underground vein mining than by open 
pit methods. However the models allow a quantitative meas­
ure of these differences and are an important initial step 
for comparing the cost of a unit of metal output from the 
two types of deposits; essentially the higher mining and 
milling costs from one model must be compensated by higher 
ore grade if that model is to remain competitive. One 
counter-intuitive result that derives from the model is the 
higher capital cost for the Creede model at capacities above 
2,400 tonnes per day. Characterization of open pit mining 
as substituting capital for labor compared to underground 
mines resulting in higher capital cost, but much lower unit 
operating cost does not reflect the complete picture.
Because of the nature of underground mining, considerable 
excavation needed to prepare the mine for operation is in­
cluded in the capital cost. This results in Creede model 
capital costs increasing more quickly as capacity increases, 
and exceeding Disseminated Gold model capital costs at the 
higher capacities.
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Application of the results of this study to calculating 
unit product cost, annualized cost, and break-even grades 
will be illustrated with a simplified example. Unit product 
cost and annualized cost allow a direct comparison of the 
different deposit types, and break-even grades provide an 
estimate of the portion of a deposit model which will be 
economically viable. The calculations will be done on a 
pretax basis, and no allowance will be made for working 
capital recovery at the end of mine life.
In order to determine unit product cost the capital and 
annual operating costs are combined into a series of equal 
annual costs. Assumptions involved in calculating annual­
ized cost are that the capital investment is made over three 
years with 20 percent made in the first year and 40 percent 
in each of the remaining two years. A discount rate of 15 
percent is selected for this example. The following illus­
trates the calculation of annual cost for the Creede model 
and Disseminated Gold model at their median production rates 
of 510 tonnes per day (tpd) and 1500 tpd, respectively.
The Creede model, evaluated at median tonnage and 
grade, indicates a mine with a capital cost of $14 million 
and operating cost of $91 per tonne of ore. Assuming 
average 1990 cash metal prices, by-product credits from 
copper, lead and zinc are about $21 per tonne of ore, and
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net operating cost is $7 0 per tonne of ore. Table 7 presents 
the annualized cost, unit product cost, and break-even grade 
for the Creede model evaluated at a mining rate of 510 
tonnes per day, precious metal grades of 0.04 opt gold and 
3.8 opt silver, and metal prices of $340 per ounce gold and 
$4.04 per ounce silver. Silver is expressed in this example 
as a gold equivalent based on the price ratio of gold to 
silver. The median gold equivalent grade of precious metals 
is 0.085 opt.
The total cost per ounce of gold, which includes 
capital recovery with a 15 percent discount rate, is $1,192 
and, the cash cost per ounce of gold is $838, clearly much 
greater than current gold price. The break-even grade 
needed to cover both operating and capital cost is 0.31 opt 
gold and 0.2 2 opt gold to cover operating cost. Between 2 0 
and 2 5 percent of the deposits in the grade-tonnage model 
possess grades that would be economically viable. Clearly, 
only a few of the highest grade Creede type deposits would 
be attractive exploration targets.
The Disseminated Gold model was evaluated in a similar 
fashion for a production rate of 1500 tpd and gold grade of 
0.07 opt. Table 7 summarizes the results of the analysis. 
The model indicates a capital cost of $2 0.5 million, and 
operating cost of $15.80 per tonne of ore. The total cost
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Table 7
Creede and Disseminated Gold Deposit Models 














Total Cost per 
Ounce of Gold





























Percent of Model Grade 
Economically Viable
Total Cost 20 40
______Cash Cost_______________ 25______________________ 75
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for producing an ounce of gold is $440 and the cash cost per 
ounce of gold is $245. These unit production costs suggest 
that the average Disseminated Gold is producing positive 
cash flow at current gold price, but that a deposit of supe­
rior grade is needed to fully recover capital cost. The 
break-even grade needed to recover capital cost is 0.09 opt 
gold, and 0.05 opt gold to cover operating cost. Forty 
percent of the deposits in the Disseminated Gold tonnage- 
grade model have grades that meet or exceed the total cost 
break-even grade and, 75 percent meet or exceed the operat­
ing cost break-even grade. These percentages are much more 
favorable than the Creede model figures presented above.
This analysis serves to emphasize the superiority of 
the Disseminated Gold model over the Creede model as a 
potentially attractive exploration target.
Future investigation of mineral deposit cost models 
could profitably be extended to other types of deposits to 
provide a more comprehensive and useful planning tool. In 
addition, deposit grade should be incorporated into the 
models to reflect mine revenue and to allow the use of 
discounted cash flow decision criteria. Other elaborations 
of the model could be inclusion of location and transporta­
tion costs, especially important for low unit-value commodi-
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ties, infrastructure costs, and of increasing importance, 
estimates of reclamation liabilities.
Additional work could also be directed to the issue of 
discovery depletion. One of the assumptions of this study 
is that the deposits that will be discovered in the future 
will have the same distribution of attributes as the depos­
its that are already known. A critical study would be to 
track the characteristics of discoveries with time to test 
this assumption. If discovery depletion is a significant 
factor more recently discovered deposits should show a trend 
towards smaller size and lower grade.
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PRODUCTIVITY CHANGES IN THE MINING INDUSTRY
Productivity of the Canadian mining industry has been 
studied for the period from the late 1950s to early 1970s by 
Dawson (1971), Anton (1974), and Smithson, et al (1979). 
Dawson and Anton measured productivity with a total factor 
index for the metal, gold, iron, and nonmetal segments of 
the mining industry. The productivity index was calculated 
from input - output tables on the Canadian economy, and is 
defined as real domestic product divided by the weighted sum 
of labor and capital inputs. The weights are determined by 
the proportional labor and capital income shares in the 1961 
Canadian input - output tables. Mathematically the total 
factor productivity is expressed as:
P = Q/[w Xl + (1 - w)XK] 
where: P = total factor productivity 
Q = real domestic product 
XL = labor input 
XK = capital input 
This total factor productivity index is superior to the 
commonly used labor productivity index because it detects 
the substitution of capital for labor which has character­
ized the shift to open pit mining. But several problems are 
associated with the methodology due to including capital in 
the production index. First, capital input does not vary 
with capacity utilization as labor does. In addition cap­
ital inputs are difficult to measure, the weights for labor 
and capital inputs derived from input - output tables are 
imprecise, and finally the method does not discriminate 
between different quality of capital inputs.
Trends in mining productivity are reported by Pyle 
(1981) and Smithson, et al (1979) for the Canadian mining 
industry for the period of the 1960s and 1970s. Pyle (1981) 
cautions that productivity should be viewed in terms of long 
period trends since short run changes in capacity utiliza­
tion, capacity expansions and variations in level of devel­
opment work influence the measures of productivity. The 
apparent long term trend in Canada is a decline in factor 
productivity after 1970. Labor productivity should rise due 
to the substitution of capital for labor as mining became 
more mechanized, and indeed through the 1960s labor produc­
tivity did increase. But in the early 1970s it declined in 
the gold and iron mining industries.
Wedge (1973) made the point that productivity indices 
should be corrected for changes in ore grade. Wedge notes 
that ore grades in Canadian mines generally declined during
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this period and declining ore grades will act to cause 
improvement in productivity to be understated if output is 
measured by real domestic product —  that is the mineral 
product, instead of being measured by ore production. After 
correcting for declining ore grade Wedge was able to con­
clude the following: falling ore grade largely offset
productivity gains in labor and capital inputs (see table 
1) • Factor productivity was fairly constant from 1961 - 
1964, then improved by 20 percent between 1965 and 1971. In 
general, factor productivity has improved during this period 
to offset the decline in average ore grade. Part of this 
improvement is due to technological innovation, and part is 
the result of exploitation of new bulk tonnage porphyry 
copper deposits in western Canada in the late 1960s and 
early 1970s. Pye (1981) generally follows Wedge's analysis 
and concludes that the overall trend in Canadian mining 
productivity has been:
1. Factor productivity gains were achieved mainly 
in the 1960s. After 1970 a weakening in factor 
productivity appears to have set in and labor 
productivity stagnated.
2.Declining ore grades have exerted a persistent 
retarding influence on productivity gains realized 
from the allocation of capital and labor to min­
ing.
Smithson, and others (1979) applied a more sophisticat­
ed econometric analysis to the Canadian mining industry to 
determine how it reacts to changes in relative prices of 
major inputs to production by changing intensity of use of 
those factors. The short run reaction is reflected by 
substitution of other production inputs for the input whose 
price has risen. The longer run reaction consists of 
changes in production technologies which favor using less of 
the more expensive inputs, such as the mechanization of a 
mining operation in response to steeply escalating labor 
costs.
They use a transcendental logarithmic cost function to 
determine the changing proportions of multiple input factors 
and the effects of technical change. The degree of substi­
tution between pairs of inputs is measured by ŝ , the par­
tial elasticity of substitution of inputs i and j . If the 
inputs are substitutes s is greater than 0, and if they are 
compliments s is less than 0. In the case of extreme 
compliments the inputs must be used in fixed proportions.
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Table 1
Estimates of Average Ore Grades, Canada (1961-76)
and
Average Annual Change in Factor Productivity and Ore Grade
Year Gold Mining Iron Mining 




1961 0.26 62 3.1
1962 0.26 55 3.2
1963 0.26 50 3.0
1964 0.25 53 3.2
1965 0.25 45 3.4
1966 0.24 51 3.6
1967 0.24 47 3.4
1968 0.24 47 3 .1
1969 0.22 45 3 . 3
1970 0.24 48 2.8
1971 0.24 44 2.7
1972 0.24 47 2.4
1973 0.22 44 1.8
1974 0.20 44 1.7
1975 0. 19 44 1.8












0.3 I to • -3.7
Productivity 0.7 3.4 • to
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The measure of technology is T, the coefficient of 
technological change. If technological change results in 
using more of input i, is greater than zero, and con­
versely if less of i is used T is less than zero. Smithson 
and others (1979) estimate that there was significant 
substitution between capital and labor between 1962 and 
1974. On the other hand, labor and energy appeared to be 
compliments, and because of the magnitudes of s for capital 
and labor, and s of capital and energy, capital and labor 
are relative compliments.
Bias in technology for the period has been capital 
using, labor saving, and energy neutral. The authors 
explain these apparently contradictory trends as follows
. . . on the one hand complementarity between
labour and energy and relative complementarity of 
capital and labour, together with a high degree of 
substitutability between capital and energy, and 
on the other hand capital using, labour saving and 
energy neutral technical change. However, this 
difficulty may be readily resolved. Technical 
change particularly in heavy industry, takes time. 
Statistically detectable technical change on the 
operating level of the sector may represent reac­
tion to anticipated changes in relative factor 
prices during the fifties and early sixties, when 
continuing increases in the price of labour rela­
tive to that of capital were generally expected 
for the future and led to major programs of mecha­
nization. The high degree of substitutability 
between capital and energy on the other hand may 
well reflect what for the period in question might 
be metallic ores and the adoption of essentially 
open pit technology for underground operations 
which involved large scale shifts to increased use 
of more efficient energy forms (from compressed 
air to electricity and diesel power) and to more 
energy-efficient larger equipment. Table 2 summa­
rizes these results.
Nilsson (1987) tracked U.S. mining productivity into 
the mid-1980s as measured by labor productivity per ton of 
both ore and total material. He found that the average 
annual increase for metal mining in labor productivity 
between 1960 and 1984 was 5 percent when measured by waste 
and ore moved; and increase from 7.2 ton of rock per man- 
hour in 1960 to 22.5 ton of rock per man-hour in 1984. The
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Table 2
Estimated Elasticities and Bias Coefficients. 
Three Input Production 













  Summary ----
Input Substitutability
K & L Substitutes 
(Relative Complements) 
K & E Substitutes 
L & E Complements
Technical Change
K - Using
L - Saving 
E - Neutral
(from Smithson and others, 1979, tables 15 & 17)
crude ore productivity increased from 3.2 to 9.8 tons per 
man-hour, an annual increase of 4.5 percent. Nilsson 
attributes most of this increase to a shift from underground 
mining to open pit mines. In 1984 open pit mines used 53 
percent of all man-hours to handle 94 percent of the total 
tonnage and 88 percent of the crude ore in metallic mining. 
The average productivity in open pit mines was 39.6 tons of 
rock per man-hour compared to 2.9 tons per man-hour under­
ground .
There has also been an increase in productivity due to 
a shift to larger scales of production. Surface mines with 
production less than 0.9 mt/yr have lower labor productivi­
ty, 2.5 tons per man-hour for U.S. coal mines, in 1984, 
compared to mines with a production rate over 0.9 mt/yr, 
with 6.4 tons per man-hour.
A closer analysis of underground mining productivity 
shows that there is large variation with rate of production 
and, most significantly, by type of ore. Table 5 from data 
presented by Nilsson (1987), shows that level of production 
in underground mines is largely determined by the type of 




Underground Mine Productivity Versus 
Ore Type and Production Rate
Type of Production Rate Productivity
Ore million st/yr man-hours/ton
Iron 2.8 16.8
Copper 0.8 3 . 0
Lead-Zinc 0.2 2.1
Gold < 0.1 0.7
Silver < 0.1 1.7
Tungsten < 0.1 1.3
Uranium < 0.1 0.8
Productivity varies by type of mine because larger 
mines with larger dimension ore bodies can use large high 
capacity equipment that can be automated or operated by 
remote control. Smaller mines are usually exploited with 
low productivity mining methods such as cut and fill.
Table 4 shows productivity by mining method for Swedish 
underground mines in 1984. Again, mining method is a direct 
function of the mineral deposit's geologic characteristics 
and hence the geologic deposit model. Sub-level caving and 
stoping methods are typical of underground iron ore and 
copper mines. Room and pillar methods are typical of lead- 
zinc and copper mines, and cut and fill methods are commonly 
employed in gold, silver, and tungsten mines.
Table 4
Swedish Underground Mines Productivity, 1984
Mining Method Production Rate Productivity
M tonne/yr tonne/ man-hr
Sub-level Caving 12.0 14
Sub-level Caving 0.9 9
Raise Mining 1.4 6
Room-and-Pillar 1.4 7
Cut-and-Fill (O.H.) 0.4 5 to 2
Cut-and-Fill (U.H.) 0.2 1.5
(from Nilsson, (1987) Table 1)
A second reason small underground mines are less 
productive is that they are typically older and use out-of- 
date technology. The current trend in underground mining
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technology has been towards more highly productive mining 
equipment and increased mechanization. These changes have 
reduced the total labor input , but have also changed the 
composition of the work force, reducing the portion in 
direct mining and increasing the maintenance and service 
portion. The trend has also transferred more of these 
ancillary mining activities to the surface. Table 5 shows 
the labor-activity distribution for Swedish underground 
mines between 1970 and 1985.
Table 5
Man-hours Worked in Swedish Underground Mines
by Type of Work (thousands of man-hours (MH))
Types of Work 1970 1975 1980 1985
MH % MH % MH % MH %
Direct Mining 4405 49 4452 50 3013 46 2202 41
Crushing 219 2 147 2 65 1 70 1
Construction 1081 12 873 10 650 10 470 9
Mechanical Work &
Electrical Work 1411 16 1722 20 1489 23 1229 23
Misc 967 11 777 9 411 6 755 14
Total Workers 8083 90 7972 91 5841 89 4727 89
Supervision, etc 845 9 816 9 732 11 544 11
GRAND TOTAL 8928 100 8788 100 6573 100 5271 100
Recent improvements in technology have been in the 
application of microprocessor technology to the mining and 
milling operations. Tanner (1987) surveyed mining technolo­
gy innovations and noted that improvements in underground 
mining has been in the areas of improved underground commu­
nication systems, automated bore hole analysis for grade 
control, modularization of utility vehicles to perform 
multiple tasks, and developing remote controlled LHD units.
Surface mining has moved towards in-pit crushing 
systems and long distance haulage systems to reduce labor 
costs. Microprocessor and on-board computers are also 
increasingly used to increase reliability and reduce opera­
tor time.
Beneficiation has been improved by Polycon crushing 
systems which are more space and energy efficient, as well 
as from new biotechnology in gold and copper metallurgy. 
Improvements are also being made in electrochemical control
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of ore slurry to reduce reagent consumption and in control 
processes used to generate air bubbles in the flotation 
process.
Summary
The dominating trend in the past three decades has been 
an improvement in total factor productivity and a steady 
substitution of capital inputs for labor input. More 
recently as the course of mechanization matures productivity 
trends reflect the move to larger high capacity machines and 
smarter machines controlled by microprocessor technology.
These trends favor exploitation of large, preferably 
homogeneous deposits that can be operated at high capacity, 
and do not require high selectivity in the mining process. 
Consequently geologic models of recently developed mines are 
biased towards massive and disseminated mineralization.
The prospect of developing in-situ leaching technology 
to exploit some types of ore will have profound impact on 
mining cost structure. This technology may make the miner­
alogy, ore permeability and fluid patterns the important 
determinants of ore deposit viability.
